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TO  LUCILA 


- 


ABSTRACT 


The  characteristic  elements  of  the  behaviour  of  a  large 
diameter,  shallow  tunnel,  constructed  for  the  extension  of 
the  Light  Rail  Transit  System  in  the  City  of  Edmonton  have 
been  documented  and  analysed  in  this  thesis. 

A  comprehensive  monitoring  program  that  included  the 
measurement  of  the  displacements  of  the  soil  and  primary 
lining  and  the  measurement  of  loads  in  the  primary  lining 
was  used  in  the  analysis  of  the  factors  that  affect  the 
behaviour  of  the  tunnel  lining  and  surrounding  soil  mass. 

The  monitoring  of  ground  displacements  indicated  that 
most  of  the  soil  movements  occurred  immediately  above  the 
tunnel  crown  and  that  the  tunnel  construction  did  not  affect 
the  nearby  structures. 

The  measurement  of  loads  on  the  primary  lining  system 
showed  that  the  steel  ribs,  at  the  tunnel  crown,  carried 
loads  from  9%  to  26%  of  the  overburden  and  that  these  loads 
are  85%  to  213%  higher  than  the  average  loads  carried  by  the 
timber  lagging. 

The  coupled  analysis  of  the  soil  and  lining  behaviour 
of  the  tunnel  reported  herein  and  of  other  tunnels 
constructed  in  Edmonton  indicated  that  there  is  no  simple 
theoretical  design  method,  such  as  Closed  Form  Solutions  or 
Convergence- Conf inement  Method,  applicable  to  the  study  of 
shallow  tunnels. 
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1.  INTRODUCTION 


1 . 1  Genera 1 

The  need  for  tunnels  for  transportation,  drainage  and 
sanitary  purposes  has  increased  in  the  last  decade  due  to 
the  growth  of  the  cities.  The  increase  in  tunneling 
activities  is  not  proportional  to  the  improvement  in  the 
understanding  of  the  complex  phenomena  involved  in  the 
transfer  of  load  from  the  excavated  ground  to  the  support 
during  and  after  the  tunnel  construction.  The  need  for  a 
better  understanding  of  the  factors  affecting  the 
development  of  lining  loads  and  displacements  and  ground 
displacements  is  reflected  by  the  fact  that  the  available 
tunnel  design  methods  do  not  take  into  account  factors  that 
directly  affect  the  lining  and  ground  behaviour , such  as 
minor  construction  details.  The  need  for  a  better  knowledge 
of  factors  affecting  the  interaction  between  tunnel  support 
system  and  the  surrounding  soil  mass  enhances  the  importance 
of  full  scale  field  observations. 

The  City  of  Edmonton  is  presently  constructing  the 
extension  of  its  Light  Rail  Transit  System.  This  extension 
crosses  the  city  core  with  two  parallel,  large  diameter 
tunnels,  bored  close  to  the  ground  surface.  The  lack  of 
detailed,  full-scale,  field  observations  on  large  diameter 
tunnels  excavated  in  the  Edmonton  till  led  to  a 
comprehensive  monitoring  program. 
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In  this  thesis,  the  monitoring  program  that  involved 
measurements  of  soil  displacements  and  primary  lining  loads 
and  deformations  carried  out  during  the  construction  of  the 
north  tunnel  of  the  South  Extension  of  the  L.R.T.  System  of 
Edmonton  is  documented  and  interpreted. 


1.2  Aim  of  this  Thesis 

The  field  data  presented  in  this  study  should  enable 
the  analysis  of  the  influence  of  the  construction  procedure, 
the  effect  of  the  soil  and  lining  strength  and  deformation 
properties  on  the  magnitude  and  distribution  of  loads  on  the 
lining  and  on  the  displacement  field  in  the  soil  mass 
surrounding  the  instrumented  tunnel.  The  analysis  of  the 
factors  affecting  the  lining  and  ground  behaviour  should 
provide  an  insight  into  the  interaction  between  the  elements 
of  the  lining  system  and  the  surrounding  soil  mass  and  the 
effect  of  soil  movements  on  the  structures  near  the  tunnel. 

The  comparison  of  the  field  data  documented  here  with 
the  data  collected  from  another  monitoring  program  carried 
out  in  Edmonton,  in  a  deeper,  small  diameter  tunnel 
(El-Nahhas,  1980)  should  enable  the  analysis  of  the 
influence  of  the  depth  ratio  (depth  of  the  tunnel 
axis/tunnel  diameter)  on  the  mode  of  deformation  and  plastic 
behaviour  of  the  soil  and  how  these  affect  the  lining 


behaviour . 
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1.3  Scope  of  this  Thesis 

A  brief  outline  of  the  Light  Railway  Transit  System 
(LRT)  presently  being  extended  in  the  City  of  Edmonton  is 
presented  in  Chapter  2.  This  chapter  gives  an  overview  of 
the  geology  of  the  Edmonton  area,  a  description  of  the 
subsurface  soil  profile  close  to  the  instrumented  section 
and  the  construction  procedure  employed  in  the  tunnel 
construction . 

Chapter  3  summarizes  the  ground  displacement 
measurement  techniques.  It  presents  a  detailed  description 
of  the  design,  installation  and  measurement  procedure  of  the 
instruments  chosen  for  the  measurement  of  ground  movements 
used  in  the  monitoring  program  carried  out  during  the 
construction  of  the  north  tunnel  of  the  LRT  South  Extension. 
The  measured  soil  displacements  are  presented  and 
interpreted  in  this  Chapter. 

In  Chapter  4,  the  methods  available  to  obtain  the 
magnitude  and  distribution  of  ground  loads  on  linings  are 
presented  and  discussed.  A  detailed  description  of  the 
design,  installation  and  measurement  procedure  of  the 
instruments  used  in  the  study  of  the  LRT  primary  lining 
behaviour  is  presented.  The  results  obtained  from  the  lining 
instrumentations  are  presented  and  discussed  in  this 
Chapter . 

Chapter  5  presents  an  analysis  of  the  interaction 
between  the  soil  and  the  tunnel  support  system  based  on  the 
data  presented  in  Chapter  3  and  Chapter  4.  In  this  chapter, 
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the  applicability  of  Closed  Form  Solutions  and  the 
Convergence- Con f inement  Method  for  the  evaluation  of  the 
soil  and  structure  behaviour  in  shal low- tunnels  is  analysed. 
This  analysis  enables  insights  into  the  factors  affecting 
the  ground  and  lining  interaction  to  be  discussed. 

Finally,  conclusions  are  offered  in  Chapter  6. 
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2.  THE  L.R.T.  SOUTH  EXTENSION 


2.1  The  L.R.T.  System 

The  City  of  Edmonton  is  presently  building  the  South 
Extension  of  the  Light  Rail  Transit  System  -  LRT.  The  South 
Extension  completes  the  connection  of  the  southern  region  of 
the  City  with  the  City  core. 

The  North-East  line,  already  built,  connects  the  LRT 
Central  Station,  located  in  the  downtown  core,  with  the 
north-eastern  suburbs  while  the  "South  Extension",  under 
construction,  will  connect  the  Central  Station  with  the 
Canadian  Pacific  Railway  right-of-way,  south  of  100th 
avenue,  parallel  to  109th  street. 

A  schematic  representation  of  the  LRT  South  Extension 
is  shown  on  Figure  2.1. 

2.2  LRT  South  Extension  Construction  Procedure 

The  construction  of  the  South  Extension  is  divided  into 
three  different  sections: 

-  The  tunnel  section 

-  The  stations 

-  The  portal  section 

Each  of  these  sections  is  described  in  the 

following  section. 
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Figure  2.1  THE  L.R.T.  SOUTH  EXTENSION  -  PLAN  VIEW 
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2.2.1  The  Tunnel  Section 

Due  to  the  fact  that  the  construction  area  is 
intensively  developed  and  that  the  obstruction  of  the 
traffic  would  lead  to  serious  problems,  it  was  decided  that 
the  LRT  Central  Station,  the  104th  St  and  107th  St  Stations 
(Fig  2.1)  were  to  be  connected  by  two  parallel  tunnels, 
employing  the  same  construction  procedure  as  that  used  for 
the  construction  of  the  underground  portions  of  the 
North-East  line. 

The  north  tunnel  excavation  was  planned  to  begin  from 
the  LRT  Central  Station  and  proceed  westwards  under  Jasper 
Avenue.  This  procedure  would  facilitate  the  disposal  of 
spoil  material  that  would  be  transported  in  rail  cars  to  the 
north-eastern  region  of  Edmonton,  using  the  existing  LRT 
line. 

The  tunnelling  boring  machine  (TBM),  later  described  in 
this  chapter,  was  planned  to  proceed  to  106th  Street  where 
an  access  shaft  is  to  be  constructed.  The  TBM  will  be 
dismantled  in  this  shaft  and  taken  back  through  the  existing 
tunnel  to  the  Central  Station,  to  begin  the  excavation  of 
the  second  tunnel  (south  tunnel). 

Section  2.4  specifically,  deals  with  the  tunnel  section 
since  the  north  tunnel  construction  between  Central  Station 
and  104th  Street  Station  is  the  major  focus  of  this  thesis. 
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2.2.2  Stations 

Three  stations  will  be  built  between  the  LRT  Central 
Station  and  the  river  crossing: 

104th  St  Station 
107th  St  Station 
Government  Station 

The  104th  St  and  the  107th  St  Stations  will  be  built 
using  a  cut  and  cover  method.  The  walls  of  the  excavation 
will  consist  of  cast  in  place  concrete  tangent  piles. 

The  concrete  piles  will  be  installed  to  a  depth  of 
about  18  metres  below  the  existing  grade  (street  level)  and 
will  carry  the  lateral  earth  pressure  from  the  soil,  as  well 
as  the  vertical  loads  from  the  station  and  street  above. 
Permanent  horizontal  struts  will  be  provided  at  the  street 
level,  the  mezzanine  level,  and  at  the  base  of  the  station. 

The  first  of  the  LRT  tunnels  (North  tunnel)  will  be 
bored  through  the  104th  St  Station  after  installation  of  the 
tangent  pile  walls.  The  excavation  of  the  station  itself 
will  be  finished  after  the  first  one  of  the  two  tunnels  has 
been  completed. 

The  Government  Station  will  be  constructed  near  98th 
Avenue  on  the  existing  CP  rail  right  of  way.  The  LRT  tracks 
at  this  station  will  be  near  the  existing  CP  rail  track 
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2.2.3  The  Portal  Section 

The  Portal  Section  will  consist  of  twin  tunnels  which 
curve  southwards  from  the  107th  St  Station  and  pass  under 
109th  Street  (Fig  2.1).  In  this  section,  the  tunnels  rise  to 
emerge  on  the  existing  CP  rail  right  of  way  south  of  100th 
Avenue  where  ,  at  the  location  of  the  proposed  tunnel 
portals,  the  LRT  tracks  will  be  approximately  5  metres  below 
the  existing  CP  rail  track  level. 

From  the  tunnel  portals  the  LRT  tracks  rise  at  a 
constant  grade  and  merge  with  the  existing  CP  rail  track 
level,  between  98th  and  99th  Avenues,  immediately  north  of 
the  proposed  Government  Station. 


2.3  Geological  and  Geotechnical  Description  in  the  Edmonton 
and  the  LRT  System  Area 

Experience  has  shown  that  a  knowledge  of  the  geologic 
origin  of  glacial  deposits  can  provide  a  framework  for  an 
analysis  and  interpretation  of  geotechnical  data  (May  and 
Thomson ,  1978). 

Based  on  this  experience,  a  summary  of  the  geology  of 
the  Edmonton  area  is  presented  in  this  section.  The 
geotechnical  properties  of  the  soil  deposits  in  the  vicinity 
of  the  ground  and  lining  instrument  installation  are  also 
presented  in  this  section. 
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2.3.1  Geology  of  the  Edmonton  Area 

The  City  of  Edmonton  is  located  in  an  area  of  low 
relief,  with  elevations  ranging  from  700  metres  to  830 
metres. The  surficial  material  is  a  glacial  lake_  sediment 
that  caps  a  succession  of  Pleistocene  deposits  that  infilled 
a  preglacial  valley  system.  The  present  North  Saskatchewan 
river  has  eroded  through  the  Pleistocene  deposits  and  into 
the  bedrock. 

The  pre-glacial  channels  were  eroded  into  the  Horseshoe 
Canyon  Formation  of  the  Edmonton  Formation.  The  material 
composing  this  Formation  is  of  the  Upper  Cretaceous  age  (140 
to  190  metres  thick)  and  consists  of  mudstones,  clayshales 
and  sandstones,  deposited  in  brackish  to  fresh  water  of  a 
shallow  inland  sea.  The  presence  of  bentonite  in  form  of 
seams  and  admixtures  in  this  Formation  is  ascribed  to 
volcanic  ash  deposition. 

After  the  uplift  early  in  the  Cenozoic,  the  bedrock 
surface  was  eroded  by  a  well  integrated  river  system  (Kathol 
and  McPherson,  1975).  Portions  of  these  pre-glacial  channels 
were  filled  with  late  Tertiary  sands  and  gravels  termed 
Saskatchewan  Sands  and  Gravels  the  thickness  of  which  varies 
from  4  metres  to  20  metres  in  the  Edmonton  area. 

The  advance  of  ice  into  the  Edmonton  area  during  the 
late  Pleistocene  laid  down  two  till  sheets.  The  lower  unit, 
up  to  6  metres  thick,  rests  directly  on  the  Saskatchewan 
Sands  and  Gravels.  It  was  laid  down  by  an  ice  lobe  moving 
from  somewhat  west  of  north.  The  ice  advance  direction  can 
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be  evaluated  from  elongated  pebbles  with  the  longer  axis 
oriented  in  the  NW-SE  direction.  The  lower  till  is 
characterized  by  its  greyish  colour  and  rectangular  joint 
system.  The  upper  till  was  derived  from  an  ice  lobe 
advancing  from  east  of  north.  The  ice  reworked  the  upper 
metre  of  the  lower  till.  The  upper  till,  of  brownish  colour 
and  with  a  columnar  system  of  joints,  is  in  some  areas 
separated  from  the  lower  till  by  stratified  sand  lenses, 
called  Tofield  Sands.  These  lenses  vary  in  size  and  shape, 
varying  from  contorted  inclusions,  less  than  10cm  in  size, 
to  more  lenticular  shaped  bodies,  continuous  over  distances 
in  excess  of  50  metres  (May  and  Thomson,  1978).  These  sand 
lenses  often  are  water  bearing  and  might  be  a  source  of 
problems  during  tunneling  activities.  The  two  till  layers 
have  similar  geotechnical  properties  the  lower  one  being 
slightly  stiffer  than  the  upper  one.  Dejong  and  Morgenstern 
(1973)  reported  blow  counts  (SPT)  higher  in  the  lower  till. 

Above  the  upper  till  are  silty  clays,  deposited  in 
glacial  Lake  Edmonton.  Within  these  sediments,  large  pieces 
of  till-like  material  are  found  and  have  been  termed 
diamicton  by  Westgate  (1969)  or  1 acustro- t i 1 1  by  Kathol  and 
McPherson  (1975). 

The  lake  deposits  are  covered  in  some  areas  by  fill 
material,  generally  consisting  of  clay,  mixed  topsoil,  sand 
and  occasionally  rubble. 

Figure  2.2  presents  a  summary  of  the  Quaternary  geology 
of  the  Edmonton  area. 
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Figure  2.2  QUARTERNARY  GEOLOGY  OF  EDMONTON  AREA  (AFTER  MAY 
AND  THOMSON,  1978) 
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A  generalized  east -west  section  through  central 
Edmonton  is  shown  on  Figure  2.3. 

2.3.2  Stratigraphy  Along  the  LRT  Track  Centreline  in  the 
Area  of  the  Present  Study 

The  stratigraphy  along  the  LRT  track  centreline,  close 
to  the  region  where  the  ground  and  lining  instruments  were 
installed  is  presented  in  Figure  2.4. 

The  boreholes  indicated  in  Fig  2.4  have  been  reported 
by  Thurber  Consul tants  Ltd. ( 1980) . 

2.3.3  Geotechnical  Properties  of  the  Soil  Surrounding  the 
Tunnel 

The  results  from  laboratory  tests  carried  out  on 
undisturbed  samples  extracted  from  the  boreholes  drilled 
along  the  LRT  South  Extension  are  presented  in  Tables  A1  to 
A6  in  Appendix  A.  The  location  of  the  boreholes  from  which 
the  samples  were  removed  is  given  in  drawing  no.  14-31-1-6 
in  the  report  by  Thurber  Consultants  Ltd. (opt.  clt.) 

The  geotechnical  properties  of  the  Edmonton  till  have 
been  extensively  studied  and  a  summary  of  some  properties  is 
presented  in  Table  2.1.  The  lab  tests  results  presented  in 
Tables  A 1  to  A6  are  summarized  in  the  last  column  of  Table 


2.1  . 
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Reference  Morgenstern  and  Dejong  and  Thomson  and  El-Nahhas  Elsensteln  and  LRT  South 

Thomson  (1970)  Harris  (1971)  Yacyshyn  (1977)  (1977)  Thomson  (1978)  Extension 
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TABLE  2.1  -  GEOTECHNICAL  PROPERTIES  OF  EDMONTON  TILL  (AFTER  THOMSON  AND  EL-NAHHAS,  1980) 
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Figure  2.4  PLAN  AND  PROFILE  FROM  CENTRAL  STATION  TO  103 
STREET  (AFTER  THURBER,  1980) 
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2.4  Detailed  Description  of  the  Construction  of  the  Tunnel 
Sect  ions 

2.4.1  Tunnel  Boring  Machine 

The  tunnel  sections  of  the  existing  north  east  line  of 
the  LRT  System  were  excavated  with  the  tunnelling  boring 
machine  (TBM)  built  by  Lovat  Tunnel  Equipment  Inc.,  Ontario, 
Toronto  (Model  M-246  Series  2100).  The  machine  is  owned  by 
the  City  of  Edmonton  and  a  section  illustrating  its 
operation  is  presented  in  Figure  2.5. 

The  decision  to  use  this  TBM  in  the  construction  of  the 
LRT  South  Extension  was  based  on  the  convenience  of  using  an 
equipment  already  owned  by  the  City  (inital  investment, 
experienced  operating  crew)  and  on  the  successful 
construction  of  the  existing  tunnels  of  the  subway  system  of 
the  City  of  Edmonton. 

The  specifications  of  the  TBM  are  given  in  Table  2.2 
and  more  details  will  be  given  in  the  construction  method 
description,  later  in  this  section. 

2.4.2  The  Lining  System 

The  system  chosen  for  the  LRT  South  Extension  tunnel  is 
the  same  as  that  previously  used  in  the  construction  of  the 
tunnels  of  the  existing  lines.  The  system  is  a  two-phase 
lining  that  comprises  a  primary,  or  temporary,  and  a 
secondary,  or  final,  lining.  As  shown  in  Figure  2.6,  the 
primary  lining  is  composed  of  segmented  steel  ribs  W6x25 
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BORE 

6.27  m 

CUTTING  HEAD  TORQUE 

2412.5  KN.m 

PROPULSION  THRUST 

22.24  MN 

FRONT  UNITIZED  CONVEYOR 

1.2m  wide  x  7.5m  long 

POWER 

995  HP 

ROTATIONAL  SPEED 

7  RPM 

LENGTH 

5 . 5m 

MAXIMUM  ADVANCE  PER  THRUST 

1 . 68m 

TOTAL  WEIGHT 

1174  KN 

TABLE  2.2  -  SPECIFICATIONS  OF  THE  TUNNEL  BORING  MACHINE 

(LOVAT  MODEL  M-246  SERIES  2100) 
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Figure  2.5  SECTION  THROUGH  THE  SHIELDED  MOLE  (AFTER  LOVAT 
TUNNELING  EQUIPMENT  INC. ) 


Figure  2.6  L.R.T.  TUNNEL  LINING  SYSTEM 
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(yield  point  300MPa),  1.22m  centre  to  centre  and  10x15cm 
timber  lagging  placed  between  the  webs  of  successive  ribs. 
The  secondary  lining  consists  of  cast  in  place  reinforced 
concrete  and  is  planned  to  be  installed  after  the 
construction  of  the  second  (south)  tunnel  . 

Since,  throughout  this  thesis,  the  measured  ground  and 
lining  displacements  and  loads  on  the  lining  are  taken 
before  installation  of  the  secondary  lining  installation, 
detailed  description  of  lining  installation  will  only  refer 
to  the  primary  lining. 

2.4.3  Construction  Procedure 

The  first  phase  of  the  tunnel  construction  (i.e.  before 
the  installation  of  the  final  lining)  is  discussed  in 
detail,  in  the  following  paragraphs  because  its  role  in  the 
tunnel  lining  and  ground  behaviour  is  of  utmost  importance. 

The  tunnel  construction  procedure  basically  consists 
of : 

1.  Ground  excavation 

2.  Excavated  material  disposal 

3.  Material  supply 

4.  Primary  lining  erection 

5.  Parallel  activities 

Each  of  these  activities  is  described  below: 

Ground  Excavation 

The  ground  is  excavated  by  the  TBM  described  in  Section 
2.4.1.  The  cutting  head  of  the  TBM  (Plate  2.1)  is  furnished 
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Plate  2.1  T.B.M.  -  CUTTING  HEAD 


Plate  2.2  EXPANDED  LONGITUDINAL  JACKS 
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with  six  spokes  that  give  support  to  the  slide  gates.  These 
doors  are  hydraulically  operated  and  are  designed  to  prevent 
any  major  flow  of  soil  towards  the  face  of  the  tunnel. 

The  advance  of  the  mole  is  provided  by  a  set  of  20 
hydraulic  propulsion  jacks  located  circumferentially  around 
the  perimeter  of  the  mole.  These  jacks  have  an  internal 
diameter  of  20.32cm  ( 8 " )  and  a  maximum  working  pressure  of 
17237.5  KN/m2  (2500  psi ) .  The  distance  travelled  by  the 
mole,  after  one  push  is  controlled  by  the  depth  of  the  jack 
pistons  that  goes  up  to  167.64cm  (Plate  2.2). 

The  individual  control  of  each  jack  makes  possible  the 
steering  of  the  mole.  The  mole  alignment  is  guided  by  a 
laser  installed  in  the  mezzanine  level  of  the  Central 
Station. 

To  reduce  drag  friction,  the  cutting  profile  of  the 
mole  is  19mm  (in  straight  portions  of  the  tunnel)  larger 
than  the  diameter  of  the  shield. 

All  the  hydraulic  systems  and  electric  motors  are 
controlled  by  the  mole  operator  from  the  control  panel  shown 
in  Plate  2.3.  Individual  controls  open  the  front  doors,  turn 
the  front  wheel,  advance  the  mole,  activate  the  conveyor 
belt  and  expand  or  retract  the  rib  expansion  ring. 

During  the  excavation,  there  is  one  person  in  charge  of 
the  face  control.  This  person  is  responsible  for  stopping 
excavation  whenever  the  behaviour  of  the  soil  at  the  face 
departs  from  normal. 

Excavated  Material  Disposal 
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Plate  2.3  GENERAL  VIEW  INSIDE  THE  MOLE 


Plate  2.4  CONVEYOR  BELT  STRUCTURE 
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The  rotating  cutting  head  delivers  the  soil  to  a 
conveyor  belt  system  composed  of  two  independent  conveyor 
belts:  the  primary  and  the  secondary.  The  primary  conveyor 
is  supported  by  the  structure  of  the  mole  and  delivers  the 
soil  cuttings  to  the  secondary  belt  which  is  supported  by  a 
heavy  steel  structure  pulled  by  the  mole  (Plate  2.4). 

From  the  conveyor  belt  system,  the  excavated  material 
falls  into  track  mounted  hopper  cars  that  are  pulled  back  to 
the  Central  Station  by  a  small  electric  tractor. 

The  loading  of  the  cars  is  a  three  man  operation:  the 
mole  operator,  controlling  the  conveyor  belt  system;  the 
tractor  driver  who  advances  the  car  when  a  portion  of  i t  is 
filled  and  the  third  man  stationed  at  the  end  of  the 
secondary  conveyor  belt  controlling  the  muck  level  inside 
the  cars. 

Material  Supply 

The  basic  material  necessary  for  the  first  phase  of  the 
tunnel  construction  is  the  material  for  the  primary  lining 
erection  (steel  ribs  and  lagging)  and  for  the  tracks,  used 
by  the  muck  cars.  This  material  comes  from  the  eastern  end 
of  the  North-East  line,  together  with  the  empty  muck  cars, 
pushed  by  the  subway  trains.  This  material  is  brought  to  the 
face  of  the  tunnel  and  unloaded  by  four  men. 

Lining  Erection 

After  the  mole  advances  a  distance  slightly  longer  than 
the  required  spacing  between  ribs,  the  longitudinal 
hydraulic  propulsion  cylinders  are  retracted  and  so  is  the 
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mounting  ring  that  remains  between  the  propulsion  jacks  and 
the  last  installed  steel  ribs.  This  ring  is  provided  with  a 
chain  that  runs  around  its  circumference  and  is  connected  to 
an  electric  motor  that  rotates  the  chain. 

The  first  steel  rib  section  is  placed  at  the  invert  of 
the  shield  and  its  ends  are  attached  to  the  chain  in  the 
mounting  ring.  The  chain  is  rotated  by  90'  and  the  second 
steel  section  is  placed  at  the  invert,  attached  to  the  chain 
in  the  mounting  ring  and  has  one  of  the  ends  connected  to 
the  first  rib  section.  This  procedure  is  repeated  until  the 
fourth  rib /section  is  installed.  Sometimes  it  is  necessary 
to  cut  a  few  inches  off  the  fourth  rib  in  order  to  make  it 
fit  within  the  space  left  between  the  first  and  the  third 
rib  sections.  The  four  ribs  are  connected  to  one  another 
through  end  plates  with  two  sets  of  bolts  and  nuts  for  each 
joint . 

After  the  four  ribs  are  installed,  the  pieces  of  wood 
lagging  are  placed  between  the  webs  of  the  successive  ribs 
as  shown  in  Plate  2.5.  The  spacing  left  between  the  last  two 
installed  steel  ribs  rings  is  slightly  larger  than  the 
timber  length  (121.9cm)  to  facilitate  its  installation  in 
between  the  ribs.  The  lagging  installation  starts  from  the 
invert  and  proceeds  to  the  crown  and  is  done  by  four  men. 

After  all  pieces  of  lagging  are  installed  the 
longitudinal  jacks  are  activated  to  close  the  additional 
space  initially  left  between  the  last  two  steel  rings  to 
facilitate  the  lagging  installation. 
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Plate  2.5  LAGGING  INSTALLATION 


Plate  2.6  RIB  EXPANSION 
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The  expansion  of  the  steel  ribs  follows  the  lagging 
installation.  The  rib  expansion  is  done  immediately  after 
these  are  exposed  to  the  ground  with  the  help  of  the  rib 
expansion  ring.  The  rib  expansion  ring  has  its  diameter 
increased  by  the  expansion  of  four  jacks  that  can  be 
individually  activated  (Plate  2.6).  Each  expansion  jack  has 
an  internal  diameter  of  15.24cm  and  a  maximum  working 
pressure  of  10343  kN/m2 .  In  the  north  tunnel  of  the  LRT 
South  Extension,  the  two  upper  joints  were  expanded  and  a 
15.24cm  spacer  was  placed  in  each  of  them. 

After  the  rib  expansion,  the  excavation  proceeds  with 
the  mole  jacking  against  the  lining,  repeating  the  cycle 
described  in  this  section. 

Paral lei  Act ivit ies 

Several  activities  occur  simultaneously  with  those 
previously  described  in  this  section.  Some  of  these  parallel 
activities  are  listed  below: 

1 .  Extension  of  the  power  supply  and  telephone  cable 

2.  Verification  of  the  laser  alignment 

3.  Installation  of  the  steel  clamps  that  provide  guidance 
for  the  conveyor  belt  structure 

4.  Installation  of  the  tracks  for  the  muck  cars 

5.  Extension  of  the  ventilation  plastic  pipe  to  the  head 
of  excavation. 

The  activities  related  to  the  tunnel  construction  are 
in  the  flow  chart  presented  in  Figure  2.7. 
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SIMPLIFIED  FLOW  CHART  OF  THE  TUNNEL  CONSTRUCTION 
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2.4.4  Rates  of  Excavation 

As  explained  in  Section  2.2.1,  the  excavation  of  the 
north  tunnel,  LRT  South  Extension,  was  planned  to  start  from 
the  west  end  of  the  Central  Station  and  proceed  to  the  104th 

St  Station.  The  excavation  beyond  the  east  end  of  the  104th 

St  Station  would  depend  on  the  end  of  the  construction  of 
the  tangent  pile  walls,  later  incorporated  to  the  structure 
of  that  station.  The  critical  path  on  the  construction  flow 
chart  of  the  first  stages  of  the  south  extension 

construction  was  determined  by  the  work  done  in  the  104th  St 
Station  since,  well  before  the  beginning  of  the  construction 
of  this  station,  the  mole  was  in  position  to  start  digging. 
The  beginning  of  the  tangent  pile  construction  occurred  in 
early  March,  1981,  whereas  the  mole  was  ready  to  start 

digging  in  late  November,  1980.  The  distance  to  be  excavated 
before  the  mole  reached  the  104th  St  Station  is  166  metres. 
This  distance  could  be  excavated  in  approximately  10  days  if 
the  excavation  proceeded  with  three  shifts  of  eight  hours 
per  day.  The  choice  of  excavating  at  a  slower  rate  of 
advance  in  this  first  stage  of  the  tunnel  construction  was 
encouraging  because  it  would  benefit  all  parts  involved  in 
the  tunnel  construction.  As  far  as  the  monitoring  program 
was  concerned,  the  decrease  in  the  mole  advance  rate  would 
permit  a  greater  number  of  readings  and  give  more  time,  if 
necessary,  to  solve  eventual  problems  with  instruments. 

The  beginning  of  excavation  was  January  19,  1981,  with 
one  crew  working  eight  hours  a  day,  and  the  104th  St  Station 
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was  reached  on  March  16,  1981.  The  tunnel  construction  was 
shut  down  until  the  completion  of  the  tangent  pile  walls  of 
this  station. 

The  rates  of  excavation  measured  in  the  construction  of 
the  first  stage  of  the  tunnel  construction  described  in  this 
section  can  be  obtained  from  Figure  2.8  where  the  position 
of  the  mole  is  plotted  versus  time. 
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Figure  2.8  MOLE  POSITION  VERSUS  TIME 


3.  SOIL  DISPLACEMENTS  DUE  TO  TUNNELING 


3.1  Introduction 

Observational  and  instrumentation  programs  on  tunneling 
are  extremely  helpful  for  an  understanding  of  the  ground 
response,  for  the  evaluation  of  the  stability  of  the  opening 
of  the  adequacy  of  design  and  in  the  determination  of  the 
sources  of  eventual  problems  related  to  the  tunnel 
construction. 

Studies  of  the  prediction  of  ground  behaviour  before 
and  after  tunnel  construction  have  enhanced  the  importance 
of  full  scale  field  observations.  Field  observations  have 
shown  that  uncharted  ground  conditions  are  common  and  the 
effects  of  the  construction  procedure  on  the  surrounding 
soil  is  not  easily  predicted. 

The  monitoring  of  soil  movements  around  tunnels  in  the 
City  of  Edmonton  is  relatively  modest  when  compared  to  the 
tunneling  activity  in  this  area.  El-Nahhas  (1980)  carried 
out  a  comprehensive  observational  program  to  measure  soil 
movements  in  a  small  diameter,  deep  tunnel  dug  in  the  lower 
till  of  Edmonton.  Eisenstein  and  Thomson  (1978)  monitored 
surface  settlements  at  the  construct  ion* of  the  North-East 
section  of  the  LRT  System.  Thomson  and  El-Nahhas  (1980) 
presented  surface  settlements  due  to  the  construction  of  a 
small  diameter  tunnel  in  the  Horseshoe  Canyon  Formation,  in 
Edmonton.  The  few  data  available  on  the  ground  displacement 
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around  large  and  shallow  tunnels  in  Edmonton  and  the 
necessity  to  accurately  predict  the  effects  of  tunneling  on 
the  nearby  structures  along  Jasper  Avenue  (Fig  2.1)  made  the 
ground  instrumentation  in  the  early  stages  of  the 
construction  of  the  LRT  South  Extension,  north  tunnel,  of 
utmost  value. 

This  chapter  presents  a  brief  description  of  ground 
displacement  measurement  techniques  and  a  more  detailed 
description  of  the  instruments  utilized  in  the  LRT  South 
Extension  ground  displacement  monitoring  program  are 
presented. 


3.2  Currently  Available  Ground  Displacement  Measurement 
Techniques 

The  movement  of  a  point  in  the  soil  mass  can  be 
described  by  a  displacement  vector.  This  vector  can  be 
resolved  into  three  perpendicular  vectors:  one  vertical  and 
two  horizontal,  parallel  and  perpendicular  to  the  tunnel 
axis. 

The  Knowledge  of  the  displacement  vectors  within  the 
soil  mass  during  tunneling  enables  the  construction  of  a 
spatial  displacement  field  that  is  the  main  tool  for 
interpreting  the  ground  behaviour.  Vertical  and  horizontal 
ground  movements  recorded  in  different  stages  of  the  tunnel 
construction  provide  data  for  the  calculation  of  the  three 
displacement  vectors  mentioned  above. 
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3.2.1  Vertical  Displacements 

3. 2. 1.1  Surface  Vertical  Displacements 

-  Settlement  Points 

Vertical  movements  at  the  surface  are  obtained  by 
comparing  the  elevation  of  a  measuring  point,  anchored  to 
the  soil  surface,  to  the  elevation  of  a  bench  mark.  The 
bench  mark  must  not  be  affected  by  the  tunnel  excavation, 
must  be  installed  outside  the  range  of  the  construction 
influence  and  isolated  from  the  overlying  strata  by  casing. 

The  measuring  points  (settlement  points)  should  be 
robust,  well  protected  from  damage,  isolated  from  movements 
associated  with  other  phenomena  other  than  tunnel 
construction  ones  and  solidly  anchored  to  the  soil  in  order 
to  yield  accurate  and  repeatable  results. 

There  are  many  different  designs  of  surface  settlement 
points.  Some  of  these  designs  are  described  by  Bur  land  and 
Moore  (1973),  USBR  Earth  Manual  (1963)  and  Cording  et  al. 

( 1975)  . 

The  accuracy  of  the  elevation  measurements  is  affected 
by  the  optical  levelling.  The  surveying  techniques  can  be 
improved  by  limiting  the  sight  distances,  balancing  sights, 
carefully  plumbing  the  rod,  using  a  clearly  marked  staff  as 
well  as  selecting  stable  turning  points.  Further 
improvements  in  accuracy  can  be  obtained  by  locating  the 
bench  mark  so  that  it  is  directly  visible,  by  using  invar 
rods  and  self  levelling  levels. 
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3. 2. 1.2  Subsurface  Vertical  Displacements 

-  Singl e-Point  Extensometer 

Simple  deep  settlement  points  are  used  in  the 
measurement  of  settlements  at  various  depths  below  the 
ground  surface. 

The  requirements  for  the  Single  Point  Extensometer  are 
the  same  for  the  Surface  Settlement  Point,  cited  in  the 
previous  section.  Special  care  should  be  taken  to  prevent 
the  interference  of  the  soil  layer  above  the  anchored  tip  in 
the  readings. 

Detailed  description  of  the  installation  and  design 
details  of  Single  Point  extensometers  is  given  by  Cording  et 
al.  (1975),  El-Nahhas  (1980),  Hanna  (1973)  and  Burland  and 
Moore  ( 1973 )  . 

Terzaghi  (1938)  introduced  the  "hose  level"  manometer 
to  be  used  in  locations  where  the  installation  of  the 
"traditional"  Single  Point  Extensometer,  composed  of  a  steel 
rod  anchored  to  the  soil,  is  not  possible.  The  shortcomings 
and  further  developments  of  "hose  level"  settlement  point 
are  discussed  in  Hanna  (opt.cit.). 

-  Mult i -Point  Extensometers 

The  same  principle,  proposed  by  Terzaghi  in  the  "hose 
level"  settlement  points,  can  be  applied  to  the  measurement 
of  settlements  at  several  depths  and  positions  by  adding 
several  cells  to  the  manometer  tube  (Ward  et  al.  1968). 

The  commonest  multi -point  extensometers  are  those 
installed  in  a  vertical  borehole,  called  borehole 
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extensometers ,  where  displacements  related  to  the  top  of  the 
borehole  can  be  obtained  at  different  depths  of  a  vertical 
line. 

According  to  Cording  et  al.  (1975)  borehole 
extensometers  are  basically  divided  in  three  types: 

-  Rod  type 

-  Wire  type 

-  Probe  type 

There  are  many  drawbacks  of  the  Wire  type  extensometers 
and  most  of  them  were  reported  by  Hedley  (1969)  and  Hansmire 
(1975).  The  inaccuracy  of  the  wire  type  extensometer  is 
ascribed  to  the  friction  existing  between  its  components 
(wires,  casing,  anchors).  Hansmire  (1975)  reported 
inaccuracy  of  up  to  10mm  in  the  Wire  type  extensometer. 

The  friction  between  the  components  is  minimized  in  the 
rod  type  extensometer  by  individually  encasing  the  rods  with 
oil  filled  tubes  (Cording  et  al.,  opt.  cit.). 

The  friction  problem  present  in  the  Wire  and  Rod 
extensometers  does  not  exist  in  the  Probe  type 
extensometers.  In  the  Probe  extensometers  there  is  no 
connection  between  anchored  points  in  the  borehole.  Instead, 
a  probe,  that  transmits  signal.s  to  the  surface  when  an 
anchor  point  is  passed,  is  lowered  down  the  hole.  The  depth 
of  the  probe,  related  to  a  reference  point  at  the  top  of  the 
borehole,  is  read  from  a  calibrated  cable  connected  to  its 
top. 
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Three  are  the  most  commonly  used  Probe  extensometers : 

-  the  Radio  transmitter  probe  extensometer 

-  the  Impedance  coi 1  probe  extensometer 

-  the  Magnetic  reed  switch  probe  extensometer 

In  the  first  two  types  of  extensometers  the  intensity 
of  signals  transmitted  to  the  surface  changes  when  the  probe 
goes  through  a  circular  plate. 

In  the  magnetic  extensometer,  the  reed  switch  closes 
when  in  the  presence  of  the  axial  magnetic  field  existing 
around  the  circular  magnets  anchored  to  the  borehole  walls 
and  activates  an  indicator  light  or  buzzer  at  the  surface. 

The  use  of  magnetic  extensometers  has  increased  since 
it  was  first  developed  in  the  Building  Research  Station 
(Burland  et  al.  1972)). 

The  success  of  the  magnetic  extensometer  for  ground 
displacement  measurements  is  ascribed  to  the  simplicity  of 
its  construction  and  use,  to  its  reliability  and  low  cost. 

More  details  concerning  the  Magnetic  extensometer  are 
given  in  Section  3. 3. 2. 3. 

3.2.2  Horizontal  Displacements 

3.2.2. 1  Surface  Horizontal  Displacements 

Cording  et  al.  (1975)  recognize  four  principal  methods 
of  measuring  surficial  horizontal  movements. 

1.  offsets  from  a  transit  line 

2.  direct  chaining  with  a  steel  tape  or  a  portable 
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extensometer 

3.  electronic  distance  measuring 

4.  tri angulation 

Hanna  (1973)  also  describes  the  photogrammetric  method 
which  can  be  used  when  an  accuracy  not  better  than  5mm  is 
required. 

All  the  methods  mentioned  above  are  described  by 
Cording  et  al.  (opt.cit.)  and  Hanna  (opt.cit.). 

The  major  use  for  measurements  of  surficial  horizontal 
movements  is  to  check  the  results  obtained  from  slope 
indicators,  described  later  in  this  chapter. 

3. 2. 2. 2  Subsurface  Horizontal  Displacements 

-  Extensometers 

The  Wire,  Rod  and  Magnetic  extensometers  discussed  in 
Section  3. 2. 1.2  can  be  used  in  the  measurement  of  horizontal 
displacements  provided  an  horizontal  borehole  can  be  drilled 
within  the  soil  mass. 

In  tunneling,  the  installation  of  horizontal 
extensometers  is  often  made  from  inside  the  tunnel  which 
limits  its  utility  because  displacements  ahead  of  the  tunnel 
are  difficult  to  obtain. 

For  the  measurement  of  horizontal  movements  within  the 
soil  ahead  of  the  tunnel  face,  the  inclinometers  or  slope 
indicators,  described  in  the  next  section  are  more  commonly 
used . 


-  Incl i nometers 
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Inclinometers  or  slope  indicators  are  installed  in  the 
ground  or  structure  to  measure  inclinations  and  change  in 
inclinations  at  several  levels  which,  when  integrated  over 
the  length  of  the  vertical  line  defined  by  the  casing,  yield 
horizontal  displacements. 

Inclinometers  are  divided  into  two  major  types: 

-  Portable  borehole  inclinometers 

-  Fixed  borehole  inclinometers 

Irrespective  of  the  inclinometer  type,  the  bottom  of 
the  casing,  or  guide,  must  be  anchored  in  the  ground  well 
below  the  area  affected  by  the  construction,  thus  ensuring 
that  the  bottom  is  fixed. 

-  Portable  Borehole  Incl i nometers 

Portable  borehole  inclinometers  have  been  extensively 
used  due  to  their  relatively  low  cost,  good  quality  results, 
easy  installation  and  reading  procedure. 

It  is  basically  composed  of  three  units: 

-  casing 

-  sensing  unit  and  cable 

-  electrical  readout 

The  aluminium  or  plastic  casings  are  provided  with  four 
vertical  slots  which  are  positioned  at  the  quarter  points  of 
its  inside  circumference  and  serve  as  guide  for  the  torpedo 
or  sensing  unit. 

The  sensing  unit  is  usually  provided  with  four  wheels, 
two  of  which  are  spring-loaded  which  track  within  opposite 
grooves  of  the  casing  and  align  the  sensing  unit  in  stable 
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and  repeatable  positions. 

The  electrical  readout  supplies  voltage  to  the  sensing 
unit  and  displays  the  measured  inclinations  as  numerical 
readings.  A  multi-wired,  reinforced  cable  connects  the 
readout  unit  to  the  sensing  unit  and  provides  an  indication 
of  depth  through  its  colored  neoprene  markers,  usually 
attached  at  30.5cm  spacings. 

The  various  systems  used  in  the  sensing  unit 

transducers  differentiate  the  types  of  portable  borehole 
incl inometers . 

Cording  et  al.  (1975)  cited  five  different  kinds  of 
transducers : 

1.  pendulum  actuated  resistors 

2.  vibrating  wire  strain  gauges 

3.  differential  transformers 

4.  servo- accelerometers 

5.  photographic  cameras 

The  commonest  of  these  are  the  pendulum  actuated 

resistors  and,  more  recently,  the  servo-accelerometers  that 
are  less  vulnerable  to  temperature  effects  and  zero  drift. 

The  inclinometers  that  use  the  pendulum  actuated 

resistors,  known  as  Wilson  Slope  Indicator  (Wilson,  1962), 
convert  inclinations  into  electrical  measurements  with  the 
help  of  a  conventional  Wheatstone  bridge  circuit.  A 
precision-wound  resistance  coil  is  subdivided  into  two 
resistances  by  a  pendulum,  that  remains  vertical,  making  up 
one  half  of  the  bridge.  The  remainder  of  the  bridge  and 
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associated  circuitry  is  contained  in  the  control  box.  The 
precision  of  this  device  is  reported  (Savigny,  1980)  to  vary 
between  1.7x10  4  to  8.3x10  4  (Precision  given  in  units  of 
shear  strain  or  simply  metres  of  deflection  per  metre  of 
depth,  defined  by  Gould  and  Dunnicliff,  1971). 

A  more  accurate  type  of  transducer  is  the 
servo- accelerome ter .  A  servo- accelerometer  is  composed  of  a 
“proof  mass"  that  is  free  to  swing  within  a  magnetic  field. 
The  proof  mass  is  provided  with  a  coil  or  torquer  that 
allows  a  lineal  force  to  be  applied  to  the  "proof  mass"  in 
response  to  a  current  passed  through  the  coil  (Savigny, 
opt.cit.).  The  sensor  is  energized  by  an  applied  voltage  and 
quickly  stabilized  in  response  to  tilt  by  a  change  of 
current  flow.  The  resulting  voltage  output  is  proportional 
to  the  sine  of  the  angle  of  inclination.  Precision  between 
0.4x10  4  to  1.3x10  4  has  been  reported  in  cases  where  the 
servo- accelerometer  inclinometer  has  been  used. 

Savigny  (opt.cit.)  performed  extensive  lab  and  field 
tests  with  the  Digitilt  (servo-accelerometer  type,  made  by 
Slope  Indicator  Co. )  and  reported  the  internal  and  external 
factors  affecting  its  accuracy.  Sensor  axis  rotation,  casing 
spiral  and  temperature  are  some  of  the  internal  factors 
whereas  recovery  of  equilibrium  conditions  around  the 
casing,  changing  the  degree  of  non  parallelism  of  grooves 
are  defined  as  external  factors.  More  details  concerning  the 
Servo- accelerometer  Inclinometer  is  given  in  Section 
3 . 3 . 3 .  1  . 
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-  Fixed  Borehole  Inclinometers 

As  opposed  to  the  portable  borehole  inclinometers,  the 
fixed  borehole  inclinometers  remain  in  place  in  the  borehole 
in  order  to  continually  monitor  inclination  at  discrete 
points  along  the .borehole. 

The  sensing  units  used  in  the  torpedo  of  the  portable 
inclinometers  are  also  used  in  the  fixed  inclinometers. 

The  major  advantage  of  the  fixed  borehole  inclinometers 
is  that  the  inaccuracy  coming  from  "tracking"  and  repeatable 
positioning  is  eliminated.  In  most  cases,  the  fixed  sensors 
can  be  removed  and  re-used. 

Some  of  the  potential  problems  are  the  loss  of  accuracy 
if  the  sensor  units  are  removed  from  the  borehole  for 
repairs  and  danger  of  buckling  of  the  elements  in  the  case 
of  settlement  of  the  casing. 


3.3  Ground  Displacement  Monitoring  in  the  LRT  South 
Extension 

3.3.1  Instruments  Location 

The  importance  of  observational  and  instrumentation 
programs  in  tunneling  is  mentioned  in  the  introduction  of 
this  chapter.  The  effectiveness  of  the  ground 
instrumentation  on  the  study  of  the  effects  of  construction 
of  the  LRT  South  Extension,  north  tunnel,  on  the  buildings 
situated  nearby  the  excavation  was  favoured  by  the  scheduled 
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LRT  South  Extension  construction  sequence.  The  construction 
sequence  described  in  Chapter  2  states  that  the  tangent  pile 
walls  of  the  104th  Street  Station  should  be  completed  before 
the  mole  excavates  through  this  station.  As  the  critical 
path  on  the  early  stages  of  the  LRT  South  Extension 
construction  was  governed  by  the  end  of  the  construction  of 
the  tangent  pile  walls  of  the  104th  Street  Station,  there 
was  a  choice  of  either  starting  the  tunnel  excavation  as 
soon  as  possible  from  the  Central  Station  (Sta.200  +  0.0) 
and  stopping  the  mole  at  the  east  wall  of  the  104th  St 
Station  (Sta.200  +  164.0)  until  wall  construction  finished 
or  to  time  the  beginning  of  excavation  with  the  end  of 
construction  in  order  not  to  stop  the  mole. 

The  first  alternative  was  chosen  because  the 
anticipation  of  the  tunnel  excavation  would  present  time  to 
analyse  the  data  collected  -from  ground  displacement 
measuring  devices  and  to  verify  whether  special  care  would 
be  necessary  in  the  construction  of  the  remaining  portions 
of  the  tunnel  west  of  the  104th  St  Station. 

The  ground  instruments  were  located  at  the  east  side  of 
.the  intersection  of  102nd  Street  and  Jasper  Avenue  (Fig 
3.1).  This  intersection  is  situated  approximately  60  metres 
away  from  the  west  wall  of  the  Central  Station  and  tunneling 
in  this  area  is  considered  not  to  be  affected  by  the 
proximity  of  the  Station. 

As  shown  in  Fig  3.1,  ground  instruments  were  installed 
between  Sta.200  +  43.6  and  Sta.200  +  57.1,  and  has  been 
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Figure  3.1  INSTRUMENTS  LOCATION  -  PLAN  VIEW 


46 


termed  the  "Instrumented  Section". 

The  ground  instruments,  discussed  later  in  this 
chapter,  were  located  in  positions  that  would  enable  the 
analysis  of  the  strain  field  at  the  south  side  of  the  north 
tunnel,  during  and  after  its  construction,  to  be  carried 
out . 

Figure  3.2  depicts  a  transverse  section  of  the 
"Instrumented  Section". 

Detailed  description  of  the  design,  installation, 
measurement  procedure  and  field  data  related  to  the  ground 
instruments  used  in  the  LRT  South  Extension  program  is 
presented  in  the  following  sections. 

3.3.2  Vertical  Displacements 

Vertical  displacements  were  measured  close  to  the 
surface,  at  3  metres  depth,  using  settlement  points  and  at 
several  other  depths  with  magnetic  multipoint  extensometers . 

All  readings  presented  in  this  section  are  referred  to 
a  bench  mark,  described  below. 

3 . 3 . 2 . 1  Bench  Mark 

Several  Bench  Marks  (BM)  were  available  at  the  site 
(Alberta  Survey  Control  Monuments)  but  they  were  shallow  and 
close  to  the  excavated  area  or  too  far  from  the 
"Instrumented  Section". 

An  ideal  BM  should  be  installed  close  to  the 
"Instrumented  Section",  in  order  to  minimize  the  number  of 
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Figure  3.2  INSTRUMENTS  LOCATION  -  TRANSVERSE  SECTION 
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turning  points  and  to  Keep  the  sight  distance  short  (during 
levelling),  and  anchored  in  a  region  not  affected  by 
tunneling. 

The  depth  and  location  of  the  BM  installed  for  the  LRT 
South-Extension  ground  monitoring  program,  indicated  in 
Figures  3.1  and  3.2,  fulfill  the  requirements  mentioned. 

Bench  Mark  Design  Details 

The  details  of  the  BM  installed  at  35m  from  the  axis  of 
the  north  tunnel  are  presented  in  Fig  3.3. 

The  BM  is  basically  composed  of  a  7.93  metres  long 
steel  pipe  (3.34cm  O.D.)  which  has  on  its  lower  end  a  15cm 
long  nail,  to  provide  good  anchorage  in  the  bottom  of  the 
hole.  A  pvc  pipe  (5.85cm  I.D.)  surrounds  the  steel  inner 
pipe  to  prevent  the  interference  of  the  soil  layers  above 
the  anchored  tip. 

Bench  Mark  Installation 

A  10.2cm  diameter  borehole  was  drilled  with  a  solid 
auger  to  a  depth  of  approximately  8  metres.  The  auger  was 
retrieved  and  the  steel  pipe  (3.34cm  O.D.)  lowered  into  the 
borehole.  No  sloughing  of  the  borehole  walls  had  occurred. 
By  slowly  applying  downward  forces  to  the  top  of  the  steel 
pipe,  with  the  help  of  the  drilling  rig,  the  bottom  of  the 
steel  pipe  was  pushed  15cm  into  the  bottom  of  the  borehole, 
ensuring  a  good  anchorage. 

The  pvc  casing  was  inserted  into  the  borehole, 
surrounding  the  steel  pipe.  The  void  between  the  borehole 
walls  and  the  pvc  pipe  was  filled  with  clean  sand. 
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Figure  3.3  BENCH  MARK  BM 1  -  DESIGN  DETAILS 
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The  protection  of  the  bench  mark  after  installation  was 
provided  by  a  square  steel  plate  (25.4cm  x  25.4cm)  fixed  to 
the  pavement . 

3. 3. 2. 2  Settlement  Point 

Nine  settlement  points  (SP)  were  installed  at  different 
distances  from  the  tunnel  axis  according  to  Table  3.1.  These 
distances  were  chosen  in  order  to  obtain  the  complete  shape 
of  the  settlement  trought  at  surface  due  to  tunneling. 

As  mentioned  in  Section  3. 2. 1.1,  settlement  points 
should  be  well  protected  from  damage,  isolated  from 
movements  associated  with  phenomena  other  than  tunneling  and 
solidly  anchored  to  the  soil. 

Protection  from  damage  was  successfully  provided  by  a 
steel  plate  cover.  Movements  associated  with  phenomena  not 
related  to  tunneling  might  be  the  effects  of  the  traffic  and 
the  frost  penetration  into  the  soil.  Traffic  problems  were 
believed  not  to  be  of  significant  importance  due  to  the  good 
quality  of  the  pavement  but  the  frost  penetration  recorded 
in  several  locations  in  the  City  of  Edmonton  showed  depths 
up  to  2.4  metres  where  the  snow  drift  had  been  removed  due 
to  traffic  operations.  This  value  (2.4m)  was  used  as  an 
upper  boundary  of  frost  penetration  because  most  of  the  data 
analysed  showed  frost  penetration  no  deeper  than  1.8  metres. 

By  the  time  the  decision  to  anchor  the  settlement 
points  at  3.0  metres  below  surface  was  made,  the  settlement 
point  SP4  had  already  been  installed  at  1.5  metre  of  depth. 
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SETTLEMENT  DISTANCE  FROM  ANCHORAGE  INSULATION 

POINT  NO  TUNNEL  AXIS  DEPTH 
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Low  temperatures  inside  the  borehole  where  settlement 
points  were  installed,  were  prevented  by  the  installation  of 
polystyrene  foam  guides  inside  the  pvc  pipe  (Fig  3.4)  and  by 
filling  the  void  left  under  the  protective  plate  with 
zonalite  insulation. 

Settlement  Point  Design  Details 
Figure  3.4  depicts  the  design  details  of  the  settlement 
points  used  to  monitor  surface  vertical  displacements. 

The  settlement  points  are  basically  composed  of  a  steel 
rod  (1.0cm  diameter  and  305cm  long),  and  a  pvc  pipe  (5.1cm 
I.D.).  The  steel  rod  has  an  end  plate  welded  to  it  at  14.5cm 
from  the  lower  end  (Fig  3.4)  and  an  aluminium  cap  attached 
to  the  upper  end.  This  cap  is  provided  with  a  cone  shaped 
depression  that  fits  the  lower  end  of  the  levelling  rod.  The 
pvc  pipe  is  installed  around  the  steel  rod  to  prevent  the 
contact  between  the  ground  and  the  steel  rod. 

The  protection  of  the  settlement  points  against  damage 
was  accomplished  with  the  installation  of  a  square  steel 
plate  at  the  surface. 

Settlement  Point  Instal lation 
A  10.2cm  diameter,  320cm  long  borehole  was  drilled  and 
the  inner  steel  rod  inserted  into  the  hole.  The  anchorage  of 
the  steel  rod  to  the  borehole  bottom  was  accomplished  by 
hammering  its  end  plate  (Fig  3.4)  from  the  surface  with  a 
heavy  steel  pipe.  The  use  of  the  heavy  steel  pipe  enabled 
the  application  of  the  pushing  force  from  the  surface 
without  touching  the  inner  steel  rod. 


protection  plate  25.4  x  25.4 


Figure  3.4  SETTLEMENT  POINT  -  DESIGN  DETAILS 
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The  pvc  pipe  was  inserted  in  the  borehole,  surrounding 
the  inner  steel  rod  and  the  void  between  the  pvc  pipe  and 
the  borehole  walls  filled  with  clean  sand.  Two  cylindrical 
polystyrene  foam  guides  (5.1cm  diameter  and  5.0cm  long)  were 
pushed  into  the  pvc  pipe  with  the  inner  steel  rod  passing 
through  its  centre  (Fig  3.4)  due  to  reasons  discussed 
previously  in  this  chapter.  The  middle  hole  passing  through 
the  polystyrene  guides  were  slightly  larger  than  the 
diameter  of  the  inner  steel  rod  and  were  carefully  greased 
before  insertion  in  order  to  avoid  interference  between  the 
steel  rod  and  the  surrounding  pvc  pipe. 

SP8  had  the  void  between  the  steel  rod  and  the  pvc  pipe 
filled  with  zonalite.  Zonalite  is  a  very  light  and 
deformable  insulating  material. 

Settlement  Point  Measurement  Procedure 

The  settlement  points  (SP)  had  their  elevations 
compared  to  the  elevation  of  the  bench  mark  (BM1)  through  a 
very  careful  levelling  technique.  To  ensure  accuracy  and 
repeatability  of  level  measurements,  sight  distances  were 
less  than  10  metres.  A  special  surveying  rod,  provided  with 
a  level  bubble  and  1mm  divisions,  and  a  self  leveling 
optical  level  were  used. 

Gould  and  Dunnicliff  (1971)  suggest  a  maximum  error  of 
closure  of  0.6mm  for  leveling  procedures  similar  to  the  ones 
followed  in  the  present  study.  Mendes  et  al.  (1970) 
suggested  a  permissable  error  in  elevation  measurements,  in 
Manicouagan  5  Dam  of  0.01  nTn"  feet,  where  N  is  the  number  of 
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instrument  set-ups.  The  limitation  of  the  sight  distance 
(between  the  level  and  surveying  rod)  results  in  an  increase 
in  the  number  of  instruments  set-ups.  To  level  the 
settlement  points  of  the  LRT  South  Extension,  north  tunnel, 
four  level  set-ups  were  necessary: 

1st  set  up:  between  SP2  and  SP3 
2nd  set  up:  between  SP8  and  SP4 
3rd  set  up:  between  SP13  and  SP14 

4th  set  up:  between  SP15  and  Sp16 

Level  readings  were  recorded  on  the  field  data  sheet 
presented  in  Figure  3.5.  This  field  sheet  is  provided  with 
columns  that  enabled  the  level  calculations  to  be  made 
immediately  after  the  readings  were  taken. 

Settlement  Point  Field  Data 

The  ground  instruments  (settlement  points,  multipoint 
extensometers  and  slope  indicators)  were  levelled  three 
times  before  the  beginning  of  the  tunnel  excavation.  These 
readings  were  taken  in  November  29,  and  December  14,  1980 

and  January  18,  1981.  Most  of  the  SP  elevations  obtained 

from  the  zero  readings  had  to  be  disregarded  due  to  reasons 
discussed  later  in  this  chapter.  The  SP  elevations,  related 
to  the  bench  mark  BM1 ,  obtained  on  February  01,  1981  were 
then  taken  as  reference.  At  this  date,  the  nose  of  the  mole 
was  19.1  metres  away  from  the  closest  ground  instrument.  It 
is  believed  that,  at  this  distance  from  the  face  of  the 
mole,  no  ground  deformation  due  to  tunneling  had  occurred. 
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Table  3.2  depicts  the  difference  in  elevation  between 
the  settlement  points  and  the  bench  mark  BM1.  The  settlement 
point  elevation  data  presented  in  Table  3.2  were  obtained  in 
sets  of  readings  where  the  error  of  closure  was  always  less 
than  1mm  except  those  obtained  in  February  11,  1981  when  the 
error  of  closure  was  1.6mm.  This  increase  in  error  of 
closure  is  probably  due  to  the  proximity  of  the  mole  to  the 
"Instrumented  Section";  settlements  were  probably  taking 
place  while  settlement  points  were  being  levelled. 

There  were  occasions  that  levelling  had  to  be  carried 
out  during  the  evening.  When  this  happened  the  levelling 
accuracy  was  found  to  be  poorer  than  that  obtained  during 
dayl ight . 

Figures  3.6  and  3.7  present  the  settlement  point 
elevations  plotted  versus  time  and  versus  distance  from  the 
face  of  the  mole,  respectively.  Indi vidual ■ set t lement  points 
elevations  versus  distance  from  nose  of  mole  are  plotted  in 
Figures  3.8  to  3.16. 

The  combination  of • the  data  from  Table  3.2  and  Tables 
B1  to  B4  (in  Appendix  B)  made  possible  the  construction  of 
graphs  where  elevations  were  plotted  versus  distance  from 
tunnel  face. 

Figures  3.17  and  3.18  present  contour  lines  and 
settlement  through  transverse  sections,  respectively. 

Discussions  of  the  results  presented  in  this  section 
are  presented  in  section  3.4.1. 
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VERTICAL  DISPLACEMENTS  (mm) 
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Figure  3.6  SURFACE  SETTLEMENT  VERSUS  TIME 
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Figure  3.7  SURFACE  SETTLEMENT  VS  DIST.  FROM  FACE  OF  MOLE 
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gure  3.8 


SETTLEMENT  POINT  SP2 


Figure  3.9  SETTLEMENT  POINT  SP3 


V. 


VERT.  DISP.  (MM)  t  VERT.  DISP.  (MM) 


62 


DIST.  FROM  FRCE  (M) 


3.10  SETTLEMENT  POINT  SP4 


Figure  3.11  SETTLEMENT  POINT  SP8 


DIST.  FROM  FRCE  (11) 
Figure  3.12  SETTLEMENT  POINT  SP11 
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Figure  3.13  SETTLEMENT  POINT  SP13 
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3.14  SETTLEMENT  POINT  SP14 
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Figure  3.15  SETTLEMENT  POINT  SP15 
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Figure  3.16  SETTLEMENT  POINT  SP16 
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MOLE  ADVANCE  DIRECTION 
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3. 3. 2. 3  Magnetic  Mult ipoint -Extensometer 

Three  magnetic  multipoint  extensometers  (ME)  were 
initially  installed  to  measure  vertical  displacements  at 
several  depths.  Their  location  and  the  magnets  positions  are 
shown  in  Figures  3.1  and  3.2.  They  were  installed  on  the 
south  side  of  the  north  tunnel  to  measure  ground 
deformations  in  locations  not  affected  by  the  building  to 
the  north  of  the  tunnel. 

Another  multipoint  extensometer  (ME17)  was  later 
installed  further  west,  at  the  tunnel  centreline  due  to 
reasons  explained  later  in  this  section. 

Multipoint  Extensometer  des i gn  deta i 1 s 
The  successful  use  of  the  magnetic  multipoint 
extensometer  in  Edmonton  is  reported  by  El-Nahhas  (1980). 

The  magnetic  extensometer  (ME)  is  a  probe  type 
extensometer  basically  composed  of  four  components: 

1.  anchor  points  (magnet  points) 

2.  guide  casing( access  tube) 

3.  probe  (reed  switch) 

4.  buzzer  or  light  indicator 

The  anchor  points  (Plate  3.1)  have  a  ring  of  magnets  in 
the  lower  end  and  move  with  the  material  (soil  or  rock)  they 
are  embedded  in,  independent  of  other  assemblies  and  the 
probe  guide  pipe  (Figure  3.19).  The  guide  pipe,  a  flush 
jointed  pvc  pipe,  enables  the  reed  switch  probe  to  be 
lowered  through  each  of  the  magnet  ring  assemblies.  As  the 
probe  reaches  the  magnet  field  the  reed  switch,  carried  by 
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Figure  3.19  MAGNETIC  MULTIPOINT  EXTENSOMETER 
DETAILS 


DESIGN 


. 
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the  probe,  closes  and  activates  a  buzzer  or  a  light  at 
surface.  With  a  tape  measure  attached  to  the  probe,  the 
location  of  the  magnet  ring  assemblies  can  be  determined. 

The  anchor  points  are  fixed  to  the  borehole  walls  with 
four  steel  springs  equally  spaced  around  its  perimeter 
( Figure  3.20) . 

The  magnet  rings,  carried  by  the  anchor  points  are 
composed  of  14  ceramic  magnets  inserted  between  split  steel 
washers  (Figure  3.21).  These  washers  concentrate  and  better 
define  the  magnetic  fields  of  the  magnet  rings.  Figure  3.22 
illustrates  the  magnetic  fields  set  up  by  the  magnet  rings. 
The  buzzer  (or  light)  is  activated  when  the  reed  switch 
passes  through  any  of  the  3  magnetic  fields.  The  absence  of 
any  of  these  fields  indicates  that  at  least  two  of  the 
ceramic  magnets  were  placed  upside  down  (El-Nahhas,  1980). 
RyzwK  (1977)  reported  that  the  magnetic  field  is  not  altered 
with  changes  in  temperature,  with  time,  with  mechanical 
action  or  when  placed  in  any  liquid  short  of  a  strong  acidic 
solution . 

The  reed  switch  that  sensed  the  magnetic  field  is 
encased  in  silicone  and  is  carried  inside  a  torpedo  shaped 
weight,  made  of  non-magnet ic  material  (brass)  and  is  heavy 
enough  to  ensure  that  the  tape  measure  attached  to  it  is 
Kept  taut  during  measurements. 

Multipoint  Extensometer  Inst a  1 7  at  ion 

Figure  3.23  illustrates  the  multipoint  extensometer 


installation  procedure. 
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Figure  3.20  MAGNETIC  MULTIPOINT  EXTENSOMETER  -  ANCHOR  POINT 
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ceramic  magnet 
(height  0.95;  J0127) 


section  A  •  A  (fig  3.20) 


split  steel  washers 
thickness  0.16 
od  6.95  id  4.41 


1 


2 


scale  1 : 1 


section  B  -  B  (fig  3.2 0)  un'ts  •  cm 


Figure  3.21  MAGNETIC  MULTIPOINT  EXTENSOMETER  -  MAGNETIC  RING 
DETAIL 
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For  the  three  multipoint  extensometers  installations, 
ME5,  ME9  and  ME  10,  15.2cm  diameter  boreholes,  20  metres 
deep,  were  drilled.  The  continuous  flight  solid  auger  was 
withdrawn  and  the  boreholes  were  filled  with  bentonite  grout 
before  or  after  the  insertion  of  the  access  tubes  (Fig 
3.23).  The  joints  of  the  access  tubes  (guide  pipe)  were 
cemented  with  water  tight  fast  setting  adhesive  and  sealed 
at  the  bottom  with  an  end  cap  so  no  material  would  get  into 
it.  The  bentonite  grout,  a  mixture  of  36kg  of  bentonite  and 
0.3m3  of  water,  used  to  fill  the  borehole  was  thick  in  order 
to  prevent  sloughing  of  the  borehole  walls. 

Once  the  access  pipe  was  in  place  and  the  borehole 
filled  with  bentonite  grout  the  magnet  assemblies  (magnetic 
points)  were  individually  pushed  down  the  hole  to  the 
required  depth  with  the  help  of  a  5cm  diameter  pvc  pipe 
(Plate  3.2) . 

After  inserting  the  first  magnetic  point  in  ME9  it  was 
realized  that  the  steel  springs  were  not  wide  enough  to 
provide  good  anchorage.  The  diameter  of  the  steel  springs 
were  increased  the  insertion  of  2cm  thick  pieces  of  wood 
between  the  body  of  the  magnetic  points  and  the  steel 
springs.  After  this  modification,  the  magnetic  points 
anchored  tight  in  the  borehole  walls. 

During  the  installation,  most  of  the  magnetic  points 
had  to  be  hammered  down  to  force  them  through  very  tight 
portions  of  the  borehole.  When  these  tight  portions  were 
found  to  be  close  to  the  planned  depth  of  installation  the 
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magnets  were  left  there,  hence  a  good  anchorage  was  ensured. 
The  orientation  of  the  steel  springs  of  each  magnet  was 
changed  in  cases  where  the  installation  of  the  previous 
magnetic  points  in  the  same  vertical  resulted  in  a 
considerable  increase  in  the  borehole  diameter  (Fig  3.23) 

For  the  multipoint  extensometers ,  a  special  protection 
system  was  installed  at  the  surface  in  order  to  protect  the 
borehole  from  low  temperatures  and  damage  (Fig  3.19). 

ME17  was  installed  at  the  tunnel  centreline  at  Sta.200 
+  133.5,  west  of  the  Instrumented  Section,  because  ME  10  had 
been  damaged  by  the  mole,  no  readings  were  taken  in 
extensometer  ME10.  Extensometer  ME  1 7  was  drilled  to  a  depth 
approximately  1  metre  above  the  tunnel  crown  to  avoid 
damage . 

The  details  of  installation  of  the  multipoint 
extensometers  are  depicted  in  Table  3.3. 

Multipoint  Extensometers  Measurement  Procedure 
Readings  of  the  multipoint  extensometers  are  taken  in 
two  separate  stages: 

1.  Levelling  to  the  top  of  the  access  pipe  to  establish 
its  elevation 

2.  Measurement  of  the  depth  of  the  magnetic  points  related 
to  the  top  of  the  access  pipe. 

To  improve  the  levelling  accuracy,  a  special  pvc  cap, 
with  a  cone  shaped  depression  machined  in  the  middle,  was 
installed  on  the  top  of  the  access  pipe.  The  levelling  of 
the  access  pipe  was  run  simultaneously  with  the  levelling  of 
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the  settlement  points  and  slope  indicators.  Details  of  the 
levelling  are  described  in  Section  3. 3. 2. 2. 

The  depth  of  each  magnet  point  was  measured  with  a  tape 
measure  connected  to  the  reed  switch  probe.  The  probe  was 
lowered  into  the  access  pipe  and  the  depth  of  the  upper  and 
lower  limits  of  the  magnetic  field  2  (Fig  3.22)  of  each 
magnetic  point  recorded  in  the  field  sheet  presented  in 
Figure  3.24.  The  difference  between  the  depths  of  the  upper 
and  lower  limits  of  the  magnetic  field  2  should  be 
approximately  constant  for  all  magnetic  points.  This 
constancy  in  the  difference  between  limits  of  the  magnetic 
field  2  was  used  as  a  check  of  the  quality  of  the  readings. 

Multipoint  Extensometer  Field  Data 

The  data  collected  in  the  field  was  reduced  by  a 
computer  program  written  by  El-Nahhas  (1980)  and  modified  by 
the  author. 

Four  sets  of  readings  were  taken  for  ME5,  ME9  and  ME  10 
before  the  beginning  of  the  tunnel  excavation.  These 
readings  were  taken  on  November  16  and  29,  December  14  and 
22,  1980.  The  analysis  of  the  data  collected  on  these  days 
allowed  the  verification  of  the  repeatability  of  readings. 
The  repeatability  of  the  measurements  of  elevation  of  the 
top  of  the  access  tube  was  1mm  and  the  repeatability  of  the 
magnet  points  depth  measurements  was  0.5mm  for  the  shallower 
magnets  (less  than  7  metres  deep)  and  1.5mm  for  the  deeper 
ones.  However  the  repeatability  of  readings  in  ME  17  was  3mm 
which  is  worse  than  those  mentioned  above.  ME  17  was 
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installed  at  approximately  80  metres  from  bench  mark  BM1 
resulting  in  a  poorer  repeatability  in  the  measurement  of 
the  elevation  of  the  top  of  the  access  tube. 

Chatter ji  et  al.  (1979)  reported  reproducibility  of 
magnetic  extensometer  readings  varying  between  2mm  and  10mm. 
El-Nahhas  (1980)  reported  an  accuracy  of  1mm  for  magnetic 
multipoint  extensometers  installed  in  Edmonton. 

The  major  source  of  errors  in  the  magnetic  point  depth 
measurements  is  the  presence  of  two  components  attached  to 
the  reed  switch  probe  namely,  the  tape  measure  and  the  lead 
connected  to  the  buzzer  or  light  at  the  surface.  At  greater 
depths  these  two  components  may  get  entwined  yielding 
unrealistic  depths  measurements.  Differences  as  great  as 
50mm  in  depth  measurements,  at  depth  greater  than  30  meters, 
have  been  observed  (Figueiredo  and  Negro,  1981)  and  ascribed 
to  the  reasons  noted.  Figueiredo  and  Negro  (opt.cit.) 
proposed  a  new  sensing  system  in  which  the  presence  of  the 
lead  connecting  the  sensing  probe  to  the  buzzer  is 
eliminated.  This  elimination  is  possible  by  using  a  coupled 
oscillator  that  is  activated  by  the  reed  switch  and 
generates  waves  that  are  conducted  through  the  steel  tape 
measure  to  the  surface. 

The  reduced  data  obtained  from  multipoint  extensometers 
are  presented  in  Figures  3.25  to  3.28  and  in  Figures  B1  to 
B32  in  the  Appendix  B.  Figures  3.29  and  3.30  depict  the 
transverse  section  of  the  settlement  troughs  at  different 
depths . 
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Figure  3.25  MULTIPOINT  EXTENSOMETER  ME5  -  VERT.  DISPL. 
DIST.  FROM  FACE  OF  MOLE 
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Figure  3.26  MULTIPOINT  EXTENSOMETER  ME9  -  VERT.  DISPL. 
DIST.  FROM  FACE  OF  MOLE 
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Figure  3.27  MULTIPOINT  EXTENS0METER  ME10  -  VERT.  DISPL. 
DIST.  FROM  FACE  OF  MOLE 
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Figure  3.28  MULTIPOINT  EXTENS0METER  ME17  -  VERT.  DISPL. 
DIST.  FROM  FACE  OF  MOLE 
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Figure  3.29  SETTLEMENT  AT  1.2M  AHEAD  OF  THE  FACE  OF  THE  MOLE 
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Figure  3.30  SETTLEMENT  AT  43M  BEHIND  THE  FACE  OF  MOLE 
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Comments  on  the  data  presented  in  this  section  are  made 
in  Section  3.4.2  of  this  thesis. 

3.3.3  Horizontal  Displacements 
3.3.3. 1  Inclinometer 

Three  inclinometers,  or  slope  indicators  were  installed 
at  three  different  distances  from  the  tunnel  axis  as  shown 
in  Figures  3.1  and  3.2. 

A  SINCO  Digitilt  inclinometer,  Model  50320,  was  used 
due  to  its  adequate  accuracy,  precision  and  proven 
reliability  (Savigny  1980). 

Digitilt  Incl i nometer  -  Spec  if icat ion 

Two  servo- accelerometer  sensing  elements,  mounted  at 
90*  to  one  another,  are  housed  in  a  92.7cm  long  probe.  This 
probe  (torpedo)  has  two  pairs  of  wheels,  61cm  apart.  Each 
pair  consists  of  one  fixed  wheel  and  one  spring-loaded  wheel 
located  in  diametrically  opposite  directions.  The  torpedo  is 
connected  to  the  readout  unit  by  a  0.95cm  (O.D.) 
neoprene-coated  six-strand  cable.  This  cable  has  coloured 
neoprene  markers  spaced  at  30.5cm  intervals. 

The  readout  device,  SINCO  model  50306,  contains  a  6 
volt  rechargeable  battery  which  operates  continuously  for  up 
to  eight  hours  at  room  temperature  and  supplies  voltage  to 
the  sensor  elements. 

ABS-plastic  casings  (70mm  O.D.x50mm  I.D.)  with  four 
longitudinal  grooves  equally  spaced  were  assembled  in  3 
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metre  long  sections.  The  casing  sections  were  joined  by 
special  SINCO  couplings,  Model  57512,  which  do  not  require 
cement  and  rivets  for  their  installation.  Water  tightness  is 
provided  by  two  "0"  rings  located  on  the  inner  walls  of  the 
couplings.  Two  nylon  strings  run  simultaneously  through 
grooves  machined  in  the  inside  wall  of  the  couplings  and 
outside  wall  of  the  casing  to  prevent  the  separation  of  the 
casings  due  to  traction.  The  lower  end  of  the  deepest  casing 
section  was  provided  with  a  SINCO  grout  shoe.  This  grout 
shoe  has  a  check  valve  that  enables  the  grounting  of  the 
borehole  from  within  the  casing. 

Specifications  for  the  inclinometer  mentioned  above  are 
shown  in  Table  3.4. 

Incl i nometer  I nsta 7  7 at  ion 

The  20.3cm  diameter  boreholes  were  drilled  with  a 
hollow  stem  auger,  to  a  depth  of  28  metres.  The  3.0  metre 
long  casing  sections  were  assembled  and  inserted  in  the 
borehole  through  the  hollow  stem  (Plate  3.3).  No  special 
care  was  taken  to  position  the  grooves  in  directions 
perpendicular  and  parallel  to  the  tunnel  axis.  After  the 
whole  casing  was  installed  the  auger  was  withdrawn  and  the 
void  between  the  borehole  walls  and  the  casing  was  grouted. 

The  boreholes  were  grouted  through  a  pipe  inserted 
beside  the  inclinometer  casing.  The  grouting  started  from 
the  bottom  of  the  boreholes  and  the  grout  pipe  was  slowly 
withdrawn  to  ensure  that  its  tip  was  always  immersed  in 
grout.  The  grout  shoe  was  not  used  to  avoid  the  risk  of 
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SENSOR:  Slope  Indicator  Company 

Sensitivity: 

Total  System  Accuracy: 
Wheel  Base: 

Overall  Length: 

Outside  Diameter  (not 
including  wheels): 

Sensors : 

Operating  Range: 

CABLE  : 


Model  50320 

+  0.0015  m  per  30  m  casing 
♦  0.0076  m  per  30  m  casing 
61  cm 
93  cm 

4.3  cm 

Two  0.5  g  closed  loop  force-balanced 
servo  accelerometers 
0°  to  30°  (from  vertical) 

six  conductor  with 


Slope  Indicator  Company  1.07  cm  O.D., 

0.16  cm  stranded-steel  core;  waterproof  neoprene  cover 
with  external  marks  at  0.31  m  intervals. 


INDICATOR:  Slope  Indicator  Company  Model  50306 


Dimens  ions : 

Weight : 

Internal  Power: 
Charger: 

Operating  Time  on 
Batteries : 
Digital  Display: 
Recording: 


14.3  x  6.0  x  22.9  cm 
2.27  kg 
6V,  6  Ah 
External;  6  VDC 

8  hours 
4  digits 
Manual 


CASING:  Slope  Indicator  Company  ABS  Plastic  Casing  &  Couplings 


Casing  Length: 

3.05 

m 

0.  D.  : 

7.0 

cm 

I.D. : 

5.9 

cm 

Coupling  Length: 

0.15 

m 

O.D. : 

7.0 

cm 

I.D. : 

6.5 

cm 

Table  3.4  INCLINOMETER  SPECIFICATIONS  (AFTER  SAVIGNY  1980) 
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Plate  3.3  INCLINOMETER  -  INSTALLATION  Plate  3.4  INCLINOMETER  -  READINGS 
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discharging  of  grout  inside  the  casing  in  the  case  of 
malfunctioning  of  the  check  valve.  The  grout  was  mixed  on 
the  site  with  a  bentonite/cement  ratio  equal  to  0.1  and  a 
water/cement  ratio  equal  to  1.4  (weight  ratios).  These 
weight  ratios  were  chosen  based  on  local  experience. 

The  angle  between  the  groove  directions  and  the  tunnel 
axis  (angular  rotation  0)  shown  in  Figure  3.31(d)  was 
measured  at  the  surface  with  the  aid  of  a  compass.  The 
spiral  distortion  of  the  grooves  along  the  casing  (Fig 
3.31(c))  with  respect  to  the  groove  alignment  at  the  surface 
was  obtained  at  1.5  metre  intervals  with  a  SINCO  spiral 
checking  device.  The  "SPIRAL  CORRECTION"  column  in  Table  3.5 
is  the  average  angle  between  the  "A"  groove  direction  and 
the  tunnel  axis,  measured  anticlockwise  from  "A"  to  the 
tunnel  axis.  The  "A"  direction  is  the  direction  defined  by 
the  four  wheels  of  the  torpedo,  parallel  to  the  tunnel  axis, 
and  the  " B"  direction  is  perpendicular  to  the  "A"  direction. 

The  inclinometer  casings  were  protected  at  the  surface 
wi th*  a  square  (25.4cm  x  25.4cm)  steel  plate. 

More  details  of  the  three  inclinometers  are  presented 
i  n  T  ab  1  e  3 . 5 . 

Incl i nometer  Measurement  Procedure 

No  readings  were  taken  until  30  days  after  the 
inclinometers  were  grouted  in  order  to  allow  a  complete 
setting  of  the  grout. 

To  facilitate  cable  maneuvering,  a  0.6  metre  long 
casing  extension  was  assembled  to  the  shallower  casing 
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Drilling  a  hole 
20  cm  diam. 
using  hollow  stem 
auger. 


Insert  the  casing 
inside  the  hollow 
stem  and  fill  it 
with  water. 


Withdraw  the 
auger  and  insert 
grouting  tube. 


INSTALLATION  STEPS 

(a) 


TUNNEL  .  A 


Deeper  Section  A  g  .  Prefered  Axes 

SPIRAL  DISTORTION  ANGULAR  ROTATION 

(b)  (c)  (d) 

Figure  3.31  INSTALLATION  OF  SLOPE  INDICATORS  (AFTER 
EL-NAHHAS,  1980) 
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section.  A  removable  pulley  and  clamp  system  was  attached  to 
the  upper  end  of  this  casing  extension  and  the  probe 
inserted  in  the  casing  with  the  spring-loaded  wheels  facing 
west  (Plate  3.4).  The  probe  was  initially  lowered  to  a  depth 
of  27.4  metres  measured  from  the  clamp,  and  left  at  this 
position  for  approximately  5  minutes  to  allow  the  sensors  to 
achive  temperature  stabilization.  The  probe  was  then  lifted 
and  readings  taken  in  intervals  equal  to  the  distance 
between  the  upper  and  lower  wheels  (0.6  metre).  The  depth  of 
readings  were  chosen  to  ensure  that  during  readings,  the 
wheels  were  never  placed  on  couplings.  Once  the  probe 
reached  the  surface  it  was  rotated  180*  (spring  loaded 
wheels  facing  east)  and  the  whole  procedure  just  described 
was  repeated  to  minimize  the  errors  due  to  irregularities  in 
the  casing  and  instrument  calibration. 

The  readout  unit  remained  switched  on  during  the  entire 
operation  and  was  kept  at  temperatures  above  10’  Celsius. 

The  readings  were  recorded  on  the  field  sheet  presented 
in  Figure  3.32. 

I ncl i nometer  Field  Data 

The  data  obtained  from  the  inclinometers  were  reduced 
with  the  help  of  a  computer  program  written  by  Savigny 
(1980).  The  program  provides  plots  of  horizontal 
displacements  versus  depth  in  any  two  desired  perpendicular 
directions,  and  produces  tables  with  the  reduced 
displacements  and  the  sums  of  the  readings  taken  at  each 
depth  in  both,  "A"  and  "B"  directions.  These  values,  SUM  A 
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and  SUM  B,  are  helpful  in  the  verification  of  the  input 
data.  A  statistical  analysis  may  be  carried  out  with  the 
"SUM"  values  and  a  standard  deviation  of  the  "SUM"  values 
obtained  in  different  sets  of  readings  might  reflect  a 
change  in  the  degree  of  non-parallelism  of  grooves  or  any 
malfunction  of  the  instruments. 

For  the  three  slope  indicators,  three  zero  readings 
were  taken  before  the  tunnel  excavation  began.  These  zero 
readings  are  presented  in  Figures  3.33,  3.34  and  3.35.  The 
repeatability  of  the  inclinometers  readings  can  be 
calculated  from  the  zero  readings.  The  rate,  defined  by 
Gould  and  Dunnicliff  (1971),  metres  of  deflection  per  metre 
of  depth,  can  be  used  to  check  the  repeatability.  The 
repeatabilities  calculated  to  points  at  the  springline  level 
(11.8  metres  deep)  are: 


INCLINOMETER 
SI  6 
SI  7 
SI  12 


CHANNEL  A 
1  .  19  x  10  4 
2.79  x  10  4 
2.73  x  10  4 


CHANNEL  B 
1  .3  x  10  4 
1  .9  x  10  4 
4.5  x  10  4 


The  inclinometer  repeatabilities  are  within  the  range 
of  repeatabilities  specified  by  SINCO,  5.06  x  10  4  or  ±7. 6mm 
per  30  metres  of  casing.  The  Digitilt  Model  50320  had  been 
previously  used  by  El-Nahhas  (1980)  and  Savigny  (opt.cit.). 
They  reported  repeatability  of  ±0.67x10  4. 


Figures  3.33  to  3.35  indicate  that  the  three 
inclinometers  used  in  the  present  study  present  erratic 
movements  of  points  located  close  to  the  bottom  of  the 
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Figure  3.33  ZERO  READINGS:  SI6  ( 6 . 4M  FROM  TUNNEL  AXIS) 
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Figure  3.34  ZERO  READINGS:  SI7  (4.3M  FROM  TUNNEL  AXIS) 
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Figure  3.35  ZERO  READINGS:  S1 12  (TUNNEL  CENTRELINE) 
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casing  which  might  be  a  major  source  of  error.  The 
statistical  analysis  carried  out  with  the  values  of  SUM  A 
and  SUM  B,  explained  earlier  in  this  section,  indicated  no 
major  change  in  the  standard  deviation  values,  reflecting 
the  good  performance  of  the  inclinometers  throughout  the 
monitoring  period.  Figures  3.36,  3.37  and  3.38  depict  the 
position  of  an  initially  vertical  line,  at  different  phases 
of  the  tunnel  construction,  for  SI6,  SI7  and  S1 12, 
respectively,  when  the  readings  taken  on  December  22,  1980, 
are  used  as  reference. 

Figures  3.39  and  3.40  depict  the  horizontal 
displacements,  perpendicular  and  parallel  to  the  tunnel 
axis,  of  points  located  at  11.58  metres  below  surface 
(approximately  at  the  spring  line  level). 

Tables  B33  to  B44  in  Appendix  B  present  the 
inclinometer  readings  and  reduced  data. 

Comments  on  the  inclinometers  data  are  presented  in 
Section  3.4.2  of  this  thesis. 


3.4  Discussion  of  Soil  Movements 

3.4.1  Surface  Vertical  Displacements 

The  settlement  point  elevations  obtained  on  November 
29,  December  14,  1980  and  January  18,  1981  were  disregarded 
due  to  erratic  movements  of  SP11,  used  as  a  "turning  point" 
between  the  second  and  third  set-ups  (Section  3. 3. 2. 2 
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Figure  3.36  SLOPE  INDICATOR  SI6  ( 6 . 4M  FROM  TUNNEL  AXIS) 
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Figure  3.37  SLOPE  INDICATOR  SI7  ( 4 . 3M  FROM  TUNNEL  AXIS) 
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Figure  3.38  SLOPE  INDICATOR  S1 1 2  (TUNNEL  CENTRELINE) 
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Figure  3.39  HORIZONTAL  DISPLACEMENTS  -  PERPENDICULAR  TO 
TUNNEL  AXIS  AT  11.58M  BELOW  SURFACE  FOR  SLOPE  INDICATORS 
SI6 ,  SI 7  AND  S1 12 
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Figure  3.40  HORIZONTAL  DISPLACEMENTS  -  PARALLEL  TO  TUNNEL 
AXIS  AT  11.58M  BELOW  SURFACE  FOR  SLOPE  INDICATORS  SI6,  SI7 
AND  S1 12 
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Settlement  Point  Measurement  Procedure).  The  erratic 
movements  observed  in  SP11  were  probably  due  to  the  presence 
of  ice  between  the  pvc  pipe  and  the  inner  rod.  The  ice  was 
probably  restricting  the  free  movement  of  the  inner  rod.  In 
order  to  avoid  the  presence  of  ice  inside  the  settlement 
points,  they  were  filled  with  anti -freeze  solution.  It  was 
noticed  that  the  erratic  movements  ceased  after  this  measure 
was  taken. 

The  "loss"  of  the  zero  readings  made  the  calculation  of 
the  repeatability  of  elevation  difficult.  The  fluctuation  of 
±1mm  in  the  elevations  of  SP2,  SP15  and  SP16  might  be  an 
indication  of  the  repeatability  of  the  elevation  readings 
because  negligible  change  in  elevation  was  expected  to  occur 
at  these  points.  The  heavy  traffic  and  adverse  climatic 
conditions  during  levelling  of  settlement  points  probably 
affected  to  a  great  degree  the  repeatability  of  elevation. 
Figure  3.18  shows  that  the  construction  of  the  north  tunnel 
of  the  LRT  South  Extension  should  not  affect  the  buildings 
located  at  10  meters  north  of  the  tunnel  axis. 

The  analysis  of  Figures  3.17  and  3.18  indicate  that  the 
surface  settlement  trough  is  not  symmetric  to  the  tunnel 
axis.  This  asymmetry  might  be  due  to  the  presence  of 
inter-till  sand  pockets,  non-symmetric  to  the  tunnel  axis  or 
due  to  the  presence  of  the  buildings  at  the  north  side  of 
the  tunnel  axis  as  opposed  to  open  area  to  the  south.  The 
shallow  foundations  of  these  buildings  (2.8  metres  deep) 
might  locally  increase  the  soil  stiffness  resulting  in 
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smaller  settlements.  The  asymmetry  observed  in  the  surface 
settlement  troughs  indicates  that  these  troughs  do  not  fit 
the  Gaussian  distribution  of  surface  settlements  proposed  by 
Litviniszyn  (1956)  and  Peck  (1969). 

Hansmire  (1975)  reported  that  the  surface  settlement 
data  obtained  in  the  Washington  D.C.  Metro  construction  did 
not  fit  the  probabilistic  curve  but  would  better  fit  a  curve 
composed  of  two  superimposed  normal  probabilistic  curves. 

The  association  of  the  shape  of  the  settlement  with  a 
Gaussian  curve  is  criticized  by  Mello  (1981).  The  Gaussian 
distribution  of  surface  settlements  was  obtained  from  a 
stochastic  model  proposed  by  Litviniszyn  (opt.cit.)  to 
simulate  the  subsidence  in  a  loess  due  to  local  underground 
collapse.  Mello  (opt.cit.)  states  that  Li tvini szyn' s  model 
has  no  direct  association  with  the  change  in  the  state  of 
stress  in  the  ground  and  corresponding  strains  and 
displacements  associated  with  tunnel  construction.  Figure  13 
of  Mello' s  paper  (opt.cit.)  depicts  several  theoretical 
surface  settlement  distributions  obtained  from  stress  relief 
at  a  given  depth.  These  settlement  distributions  are 
different  from  that  proposed  by  Litviniszyn  (opt.cit.). 

The  author  believes  that  Peck's  proposal  for  studying 
surface  settlements  based  on  Gaussian  distribution  is  only 
justified  as  a  first  estimate  of  settlement  distributions  in 
the  early  stages  of  tunnel  design  where  the  detailed 
stratigraphy,  the  effects  of  construction  procedure  on  the 
ground  and  the  stress-strain  behaviour  of  the  soil  under 
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different  stress  paths  are  not  well  Known. 

The  longitudinal  section  of  the  surface  settlement 
trough,  along  the  tunnel  axis,  presented  in  Figure  3.12, 
indicates  that  negligible  surface  vertical  displacements 
occurred  ahead  of  the  face  of  the  mole  and  that  the 
stabilization  of  these  settlements  occurred  at  approximately 
15  metres  from  the  face  of  the  mole.  The  decrease  in  the 
rate  of  surface  settlements  at  15  metres  from  the  face  of 
the  mole,  9  metres  from  the  position  where  the  lining  is 
expanded,  indicates  that  the  effects  of  the  lining  expansion 
are  not  immediately  noticed  at  the  surface. 

3.4.2  Deep  Vertical  Displacements 

The  analysis  of  the  surface  settlement  data  obtained 
from  settlement  points  and  surficial  magnet  points  indicated 
that  the  difference  in  settlement  obtained  from  the  two 
instruments  (settlement  point  and  multipoint  extensometer ) 
is  always  less  than  2mm. 

Figures  B1  to  B32  in  Appendix  B  indicate  that  deep 
vertical  displacements  stabilize  at  approximately  15  metres 
from  the  tunnel  face.  This  had  been  also  observed  in  the 
settlement  point  data. 

Extensometer  ME5  situated  at  10.4m  from  the  tunnel  axis 
did  not  detect  significant  soil  movements  due  to  tunneling. 

Figure  3.26  shows  that,  in  ME9,  the  magnetic  points 
anchored  below  the  spring  line  level  did  not  move 
significantly  throughout  the  tunnel  construction  whereas  the 
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points  located  above  the  spring  line  ,  detected  uniform 
settlement  after  the  tunnel  passed  by.  The  vertical 
straining  detected  by  the  magnetic  points  in  ME9  was  less 
than  0.1  per  cent. 

Figures  3.27  and  3.29  indicate  that  in  ME10,  the 
magnetic  points  installed  close  to  the  tunnel  liner  detected 
heave  when  they  were  within  one  tunnel  diameter  ahead  of  the 
mole.  The  measurements  of  lining  deformation,  Section 
4. 5. 4. 3,  indicate  that  heave  also  occurred  after  the  lining 
installation.  No  downward  movement  ahead  of  the  mole  was 
noticed  in  magnet  points  anchored  above  the  tunnel  crown 
which  indicates  that  negligible  loss  of  ground,  defined  in 
Section  3.4.4,  occurs  ahead  of  the  tunnel  face. 

As  discussed  in  Section  3. 3. 2. 3,  Multipoint 
Extensometer  Installation,  ME17  was  installed  approximately 
80  metres  from  the  Instrumented  Section  because,  due  to  the 
damage  of  ME10,  no  ground  movements  were  available  above  the 
tunnel  crown  after  the  mole  passed  a  given  section.  The 
excavation  of  the  tunnel  through  the  section  where  ME  17  was 
installed  induced  a  roof  failure.  The  upper  portion  of  a 
sand  pocket  excavated  by  the  mole  caved  in  and  left  a  void 
above  the  tunnel  crown  of  approximately  1.5  cubic  metre  and 
1.5  metre  high.  The  magnetic  point  MP5  in  ME17  was  anchored 
in  the  sand  pocket  that  caved  into  the  tunnel. 

The  data  recorded  from  ME17,  presented  in  Tables  B28  to 
B32  in  Appendix  B  indicate  that  large  vertical  extension  due 
to  roof  failure  propagated  up  to  3.4  metres  to  4.5  metres 
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above  the  tunnel  crown.  The  last  reading  in  ME  17  was  taken 
three  days  after  the  mole  stopped  digging,  close  to  the  east 
wall  of  104th  St  Station.  This  occurred  when  the  face  of  the 
mole  was  24.9  metres  from  ME17.  At  this  distance  from  the 
mole  the  magnetic  point  located  3.0  metres  from  surface,  in 
ME17,  had  settled  1 1 . 4mm  whereas  SP 1 1 ,  in  the  Instrumented 
Section,  at  the  same  distance  from  the  face  of  the  mole,  had 
settled  8.4mm.  This  difference  in  surface  settlements 
measured  at  the  tunnel  centreline  in  SP11  and  M17  is 
probably  due  to  the  roof  failure  that  occurred  at  ME17  and 
did  not  occur  in  the  Instrumented  Section. 

The  data  obtained  from  ME  17  cannot  be  analysed  together 
with  the  data  gathered  in  the  Instrumented  Section  because, 
due  to  the  failure  of  the  roof,  ME17  did  not  reflect  the 
standard  behaviour  of  the  ground  surrounding  the  tunnel. 

3.4.3  Deep  Horizontal  Displacements 

The  difficulty  in  analysing  the  data  presented  in 
Figures  3.36  to  3.38  led  to  the  plots  presented  in  Figures 
3.39  and  3.40.  No  trend  of  horizontal  movements  can  be 
noticed  in  Figures  3.36  to  3.38  because  the  measured 
movements  were  small  compared  to  the  accuracy  of  the 
inclinometer.  Figures  3.39  and  3.40  depict  the  soil 
displacements  in  a  horizontal  plane  located  at  11.58  metres 
below  surface,  approximately  at  the  tunnel  springline  level. 

The  plots  of  horizontal  displacements  perpendicul ar  to 
the  tunnel  axis  at  the  springline  level,  in  Figure  3.39, 
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indicate  that  points  located  at  1.2  metre  and  3.3  metres 
from  the  liner  moved  approximately  3.0mm  and  2.0mm, 
respectively,  towards  the  tunnel  axis.  These  movements 
started  to  occur  at  3.0  metres  ahead  of  the  face  of  the  mole 
and  stabilized  at  approximately  6.0  metres  from  it,  where 
the  primary  lining  was  expanded  against  the  ground. 

The  plots  of  horizontal  displacements  parallel  to  the 
tunnel  axis,  at  the  spring  line  level,  in  Figure  3.40, 
indicate  that  a  point  located  at  the  tunnel  axis  and  at  4.3 
metres  from  it  moved  3.5mm  towards  the  face  of  the  mole 
before  it  passed  by  the  inclinometers.  This  movement  was 
only  1.0mm  for  a  point  at  6.4  metres  from  the  tunnel  axis. 
After  the  mole  passed  by  the  inclinometers,  the  points  that 
were  initially  moving  eastwards,  against  the  tunnel  advance 
direction,  started  to  move  westwards,  in  the  tunnel  advance 
direction,  going  back  to  their  initial  position.  The  soil 
movements  in  the  direction  parallel  to  the  tunnel  axis 
indicate  that  analytical  studies  of  tunnel  behaviour  based 
on  plane  strain  conditions  do  not  reflect  reality.  The  fact 
that  the  points  in  the  ground  move  in  the  direction  parallel 
to  the  tunnel  axis  during  tunneling  and  go  back  to  their 
initial  position  after  the  mole  passes  by  enhances  the  fact 
that  a  study  of  the  final  displacements  about  the  tunnel 
without  taking  into  account  the  "strain  history"  of  the  soil 
is  not  acceptable. 
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3.4.4  Loss  of  Ground  Around  Tunnels 

Hansmire  (1975)  defined  loss  of  ground  as  the  sum  of 
the  soil  displacements  normal  to,  and  over  a  unit  area  of, 
the  tunnel  perimeter. 

The  loss  of  ground  takes  place  at  three  different 
positions  along  the  tunnel  excavation: 

a)  Ahead  of  the  face  of  excavation  ( face  loss) 

The  face  loss  is  the  volume  of  soil  excavated  at  the 

tunnel  face  in  excess  of  the  theoretical  excavation  volume. 

b)  Along  the  digging  machine  ( shield  loss) 

The  shield  loss  is  the  sum  of  soil  displacements, 
perpendicular  to  the  tunnel  profile,  immediately  about  the 
shield  from  the  time  the  leading  edge  of  the  shield  passes  a 
section  until  the  shield  tail  passes  that  section.  Loss  of 
ground  due  to  the  shield  results  from  plowing  and  yawing  of 
the  shield  and  any  displacement  created  by  changes  in  the 
cross-sectional  area  of  the  shield. 

c)  Behind  the  tail  of  the  shield  ( tail  loss) 

The  tail  loss  happens  because  the  tunnel  lining 
insufficiently  replaces  the  cross  sectional  area  of  the  tail 
of  the  shield.  The  losses  due  to  the  flexibility  of  the 
lining  are  considered  tail  losses  and  are  usually 
neg 1 i g i b 1 e . 

A  comprehensive  study  of  ground  movements  around 
tunnels  developed  by  Hansmire  (opt.cit.)  is  based  on  the 
model  presented  in  Figure  3.41.  Hansmire  (opt.cit.)  proposed 
the  following  equation  in  his  study: 
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DEFINITION  OF  SYMBOLS  AND  UNITS 
Vs  VOLUME  OF  SURFACE  SETTLEMENT  (M3/M  OF  TUNNEL) 

Vb  VOLUME  OF  BOTTOM  DISPLACEMEN T  (M3/ M  OF  TUNNEL) 

V^  VOLUME  OF  LATERAL  DISPLACEMEN  T  (M3/M  OF  TUNNEL) 
Vi  VOLUME  OF  LOST  GROUND  (M3/M  OF  TUNNEL) 
vlong  VOLUME  OF  LONGITUDINAL  DISPLACEMEN  T  (  M3) 


Figure  3.41  THREE  DIMENSIONAL  GROUND  MOVEMENTS  ABOUT  TUNNELS 
(HANSMIRE,  1975) 
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AV  =  Vs  +  Vlat  +  V'  lat  +  Vlong  +  V'  long  +  Vb  -  VI 
3.1 

where 

AV  =  soil  volume  change.  AV  is  the  sum  of  the 

volumetric  change  of  the  elements  located 
outside  the  nominal  limits  of  the  tunnel 

excavation.  It  takes  place  due  to 

stress-strain-volume  changes  in  the  presence 

of  stress  changes  in  the  soil  mass  due  to 
tunneling. 

Vs,  Vlat,  V' lat,  Vlong,  V' long,  Vb  and  VI  are 
defined  in  Figure  3.41. 

The  model  proposed  by  Hansmire  (opt.cit.)  enables  an 

analysis  of  the  development  of  ground  volume  changes  at 
several  stages  of  tunnel  construction  based  on  soil 
instrumentation  data  to  be  carried  out. 

For  the  north  tunnel  of  the  LRT  South  Extension,  the 
detailed  study  of  the  ground  volume  changes  at  different 
stages  of  the  tunnel  construction  was  not  possible  because 
no  ground  movement  data  was  available  in  the  region  between 
SI7  (1.2  metre  from  the  springline)  and  the  tunnel  axis 
after  the  mole  passed  a  section.  However,  the  ground  volume 
changes  can  be  calculated  for  the  final  displacement 
situation  if  the  following  assumptions  are  considered: 

a)  The  lateral  and  lower  boundaries  in  Figure  3.41  are 
considered  far  from  the  tunnel.  In  this  case,  Vlat  =  V'  lat  = 
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Vb  =  0. 

b)  For  the  final  displacement  situation,  the  volume  of 
longitudinal  displacements,  Vlong  and  V' long,  are  considered 
zero.  Actually,  there  are  volume  changes  in  the  longitudinal 
direction  but  they  are  expected  to  be  small.  In  the  tunnel 
excavated  for  the  Washington  D.C.  Metro,  the  maximum 
longitudinal  volume  changes  were  less  than  5%  of  the  volume 
of  lost  ground. 

With  these  assumptions,  equation  3.1  becomes: 

AV  =  Vs  -  VI  3.2 


For  the  north  tunnel,  LRT  South  Extension,  the  volume 
of  the  surface  settlement  (Vs)  calculated  at  37.6  metres 
away  from  the  face  of  the  mole  is  0.14m3/m  or  0.46%  of  the 
nominal  tunnel  area. 

The  volume  of  lost  ground  (VI)  is  assumed  to  be  the 
difference  between  the  volume  defined  by  the  cross-sectional 
area  of  the  excavated  face  and  the  cross-sectional  area  of 
the  expanded  primary  lining.  It  is  assumed,  then,  that  there 
is  negligible  loss  of  ground  ahead  of  the  mole,  there  is  no 
shield  loss  due  to  plowing  and  yawing  of  the  shield  and  the 
soil  fills  the  voids  around  the  lining.  With  these 
assumptions,  VI  can  be  calculated:  VI  =0.73m3/m  or  2.42%  of 
the  nominal  tunnel  area.  The  values  of  Vs  and  VI  are 
substituted  in  Equation  3.2  and  AV  =  0.59m3/m  or  1.96%  of 


■ 
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the  tunnel  nominal  area.  This  value  of  AV  indicated  that 
an  average  increase  in  ground  volume  occurred  around  the  LRT 
South  Extension  tunnel.  This  increase  in  volume  of  ground  is 
similar  to  those  measured  by  Hansmire  (1975),  in  dense 
cohesionless  soil:  0.32m3/m  to  0.77m3/m.  In  shallow  tunnels, 
once  the  zone  of  disturbance,  or  the  zone  where  ground 
plasticity  occurs,  reaches  the  ground  surface,  no  further 
significant  volume  change  takes  place  and  the  further 
increase  of  volume  of  lost  ground  is  directly  related  to  the 
downward  movement  of  the  block  of  soil  above  the  tunnel.  The 
verification  of  whether  or  not  the  "zones  of  disturbance" 
reached  the  surface  is  not  possible  with  the  data  presented 
in  this  chapter.  However,  the  data  from  load  cells  and  steel 
lagging  presented  in  Chapter  4  of  this  thesis  indicate  that 
only  a  small  fraction  of  the  overburden  was  being  supported 
by  the  lining.  This  might  be  an  indication  that  the  "zone  of 
disturbance"  did  not  propagate  to  the  surface. 

The  change  of  volume  that  takes  place  in  the  soil  mass 
beside  the  tunnel  can  be  evaluated  through  the  relationship 
between  Vlat  and  Vs,  indicated  in  Figure  3.42.  Vlat  can  be 
computed  from  the  soil  displacements  measured  by  an 
inclinometer  (SI6  or  SI7).  For  no  volume  change  in  the  soil, 
the  lateral  volume  of  soil  displaced  along  a  vertical  plane, 
as  shown  in  Figure  3.42,  would  produce  an  equal  settlement 
volume  at  the  ground  surface. 

Figure  3.43  depicts  the  values  of  Vlat  and  Vs, 
indicated  in  Figure  3.42,  calculated  with  the  data  obtained 
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Figure  3.42  RELATIONSHIP  OF  SURFACE  SETTLEMENT  VOLUME  TO 
LATERAL  DISPLACEMENT  VOLUME  (AFTER  HANSMIRE,  1975) 
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Figure  3.43  COMPARISON  OF  SETTLEMENT  AND  LATERAL 
DISPLACEMENT  VOLUMES 
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from  SI6,  SI7  and  surface  settlement  points.  The  variation 
of  VI at  between  February  06  and  February  26  and  February  01 
and  February  23,  1981,  were  chosen  for  SI7  and  SI6, 
respectively,  based  on  the  inclinometer  data  presented  in 
Figure  3.39. 

Figure  3.43  indicates  that  a  small  portion  of  the 
ground  volume  increase  (1.7%  of  A V),  evaluated  earlier  in 
this  section  takes  place  beside  the  tunnel  liner.  This 
indicates  that  the  volume  changes  due  to  LRT  South  Extension 
tunnel  construction  are  restricted  to  the  area  above  the 
tunnel  crown. 


3.5  Summary  and  Conclusions  on  Ground  Displacements 

This  chapter  reviewed  the  techniques  most  commonly  used 
in  measuring  ground  displacements  around  tunnels. 

Details  of  the  design,  installation  and  measurement 
procedure  of  the  instruments  used  to  monitor  ground 
displacements  around  the  north  tunnel  of  the  LRT  South 
Extension  were  presented. 

From  the  analysis  of  the  field  data,  the  following  was 
observed : 

1.  The  surface  settlement  trough  is  not  symmetric  about 

the  tunnel  axis  and  does  not  fit  the  Gaussian 

distribution  of  surface  settlements. 

2.  The  maximum  surface  settlement  was  10mm  and  occurred 
above  the  tunnel  axis. 
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A  small  portion  of  the  final  vertical  and  horizontal 
measured  displacements  took  place  ahead  of  the  face  of 
the  mole. 

The  magnetic  extensometer  ME5  indicated  that  no 
measurable  vertical  movements  occurred  10.4  metres  from 
the  tunnel  axis. 

ME9,  1.2  metre  from  the  springline,  detected  negligible 
vertical  movements  at  points  located  below  the 
spring line  level. 

ME10,  at  the  tunnel  centreline,  detected  heave  ahead  of 
the  mole  in  the  magnet  points  close  to  the  liner. 

The  final  horizontal  displacement  in  the  direction 
perpendicular  to  the  tunnel  axis  at  the  springline 
level  was  3mm  and  2mm  at  1.2  metre  and  3.3  metres, 
respectively,  from  the  tunnel  lining,  directed  towards 
the  tunnel  axis. 

A  ground  volume  increase  of  1.96%  of  the  tunnel  nominal 
area  was  obtained.  The  inclinometers  and  surface 
settlement  data  indicated  that  over  96%  of  this  volume 
increase  takes  place  above  the  tunnel  crown. 


4.  LINING  LOADS  AND  DISPLACEMENTS 


4.1  Introduction 

The  tunneling  activities  in  the  City  of  Edmonton  have 
increased  in  the  last  decade  with  the  growth  of  the  city. 
Tunnels  have  been  constructed  for  rapid  transit  systems  and 
for  storm  and  sanitary  sewers. 

The  increase  in  tunneling  activities  has  resulted  in 
the  need  for  improved  design  methods  because  the  available 
methods,  discussed  in  Chapter  5  of  this  thesis,  do  not  take 
into  account  some  of  the  details  of  construction  and  the 
variability  of  natural  deposits. 

Full  scale  field  measurements  have  been  carried  out  in 
order  to  verify  the  design  methods  and  to  provide  an 
empirical  evaluation  of  the  behaviour  of  tunnels  constructed 
in  the  glacial  till  and  the  Upper  Cretaceous  clay-shale  of 
the  Edmonton  area.  Soil  movements  and  loads  and  deformations 
of  the  lining  have  been  measured. 

In  this  chapter,  only  the  behaviour  of  tunnel  linings 
is  discussed. 

Einsenstein  et  al.  (1977)  and  Einsenstein  and  Thomson 
(1978)  studied  the  normal  loads  acting  on  the  primary  lining 
of  the  north  tunnel  of  the  LRT  North-East  line,  Edmonton, 
based  on  electrical  strain  gauges  bonded  to  the  steel  ribs. 
From  this  study  it  was  concluded  that  the  determination  of 
loads  from  strains  measured  in  the  strain  gauges  is  complex 
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and  it  proved  difficult  to  separate  stresses  from  the  mole 
jacks  from  those  from  the  soil  mass. 

El-Nahhas  (1977)  and  Thomson  and  El-Nahhas  (1980) 
reported  lining  distortion  and  results  from  pressure  cells 
installed  at  the  interface  between  the  soil  and  the  wood 
lagging  of  the  temporary  lining  of  two  small  diameter,  deep 
tunnels  constructed  in  Edmonton.  They  concluded  that  the 
results  from  the  two  pressure  cells  were  of  little  value 
because  the  soil  closing  on  the  timber  was  unknown. 

El-Nahhas  (1980)  compared  the  performance  of  two  lining 
systems  (rib  and  lagging  and  precast  concrete  segments)  of  a 
small  diameter,  deep  tunnel,  constructed  in  the  glacial  till 
of  Edmonton.  In  this  study,  the  precast  segmented  lining  was 
extensively  instrumented,  with  load  cells  and  embedded 
strain  gauges  whereas  the  rib  and  lagging  lining  had  loads 
evaluated  from  four  vibrating-wi re  strain  gauges  welded  to 
the  steel  ribs. 

From  the  field  instrumentation  carried  out  in  tunnels 
constructed  in  Edmonton,  it  can  be  concluded  that  the 
accurate  magnitude  and  distribution  of  stresses  acting  on 
the  rib  and  lagging  lining  system  has  not,  as  yet,  been 
obtained.  The  lack  of  information  concerning  the  behaviour 
of  the  rib  and  lagging  lining  systems  led  to  the 
comprehensive  instrumentation  of  the  primary  lining  of  the 
north  tunnel  of  the  LRT-South  Extension. 

In  this  chapter,  the  methods  of  determining  the 
magnitude  and  distribution  of  stresses  acting  on  tunnel 
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liners  are  discussed  in  Sections  4.2  and  4.3.  The 
instruments  used  in  the  study  of  the  behaviour  of  the  LRT 
primary  lining  and  the  discussion  on  the  results  from  this 
instrumentation  are  presented  in  Section  4.4. 

The  data  presented  in  this  chapter  is  used  in  the  study 
of  soil  structure  interaction  presented  in  Chapter  5. 

4.2  Direct  Pressure  Measurement 

4.2.1  Pressure  Cells 

There  are  two  basic  types  -of  earth  pressure  measurement 
possible  with  pressure  cells.  One  is  the  measurement  of 
total  pressure  at  a  point  within  a  soil  mass  (often  used  in 
earth  dams)  and  the  other  is  the  measurement  of  total 
pressure  or  contact  pressure  against  the  face  of  a 
structural  element  (termed  a  boundary  cell).  The  latter  has 
been  used  to  measure  radial  soil  pressures  acting  at  the 
tunnel  liner  interface  and  has  yielded  unsatisfactory 
results  (Cording  et  al.,1975). 

One  reason  for  the  poor  performance  of  boundary  cells 
is  the  difficulty  in  designing  a  pressure  cell  that  behaves 
in  a  manner  similar  to  the  soil  structure  interface  where 
the  cell  is  installed.  This  similarity  must  include 
stiffness,  wall  roughness  and  simultaneous  activation  of 
cell  pressure  and  instrumented  structures. 
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Even  in  cases  where  these  requirements  are  met,  the 
scale  effects  may  adversely  affect  the  resulting 
interpretation:  the  contact  pressures  may  not  be  uniform 
over  the  areas  of  contact  of  the  pressures  cell  (15  to  20cm 
diameter).  Local  variation  of  soil  contact  pressures  on  the 
tunnel  lining  (due  to  ground  irregularity,  construction 
method,  etc. )  can  cause  a  large  variation  in  measured 
pressures.  Difficulties  in  obtaining  reliable  results  from 
boundary  cells  are  reported  by  Cording  et  al  (1975);  Thomson 
and  El-Nahhas  (1980)  and  Delory  et  al  (1979). 


4.3  Indirect  Pressure  Measurement 

The  pressure  distribution  on  a  lining,  obtained  from 
the  measurement  of  thrusts,  moments,  shear  forces  and 
deformations  can  be  used  to  evaluate  the  lining  safety. 
These  values  can  be  obtained  from: 

-  strain  gauges:  installed  in  or  on  the  lining 

-  load  cells:  usually  installed  in  joints  of  the 
lining 

-  lining  deformation  measurements 

4.3.1  Strain  Gauges 

Strain  Gauges  are  devices  that  measure  displacements 
over  a  Known  length. 

The  commonest  strain  gauges  in  geotechnical  engineering 
are:  -  electrical  resistance  strain  gauge 
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-  vibrating  wire  gauge 

-  mechanical  gauge 

-  photoelastic  strain  gauge 

Descriptions  of  the  principles  of  operation,  construction 
details,  advantages  and  disadvantages  of  each  gauge  are 
extensively  discussed  in  the  literature  on  instrumentation 
(e.g.  Cording  et  al  1975).  Table  4.1  summarizes  the  most 
important  features  of  some  strain  gauges  (Cording  et  al  , 
opt .ci t . ) 

By  installing  strain  gauges  across  the  thickness  of  the 
lining  one  can  obtain  the  strain  distribution,  and  (once  the 
elastic  properties  of  this  lining  are  known)  the  stress 
distribution  within  the  instrumented  section.  Normal  forces 
and  bending  moments  can  be  back  calculated  from  this  stress 
distribution  and  the  safety  of  the  structure  can  be 
evaluated. 

Strain  gauges  can  be  installed  within  the  lining 
(concrete  liners)  or  attached  to  the  surface  of  the 
structural  element  (steel  ribs  in  the  rib  and  lagging  system 
on  steel  segments  in  the  liner  plate  system). 

Strain  gauges  embedded  in  a  concrete  lining  will  not  be 
discussed  in  this  report.  The  present  study,  concerns  the 
behaviour  of  primary  lining  (rib  and  lagging)  used  in  the 
LRT  South  Extension  tunnel . 

The  strains  and  stresses  in  a  rib  and  lagging  lining 
can  be  measured  in  either  or  both  of  the  two  structural 
members  composing  the  system. 
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Table  4.1  STRAIN  GAUGES  -  TYPES  AND  FEATURES  (AFTER  CORDING 
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The  steel  ribs  are  the  most  commonly  instrumented 
components.  The  variation  found  in  the  mechanical  and 
geometric  properties  of  the  ribs  is  much  less  than  that 
found  with  the  timber  lagging  elements. 

In  order  to  obtain  stress  distributions  across  the  "H" 
sections,  usually  chosen  for  the  steel  ribs,  strain  gauges 
have  to  be  attached  to  both,  web  and  flanges.  Figure  4.1 
illustrates  the  location  of  strain  gauges  used  in  the  rib 
instrumentation  of  the  north  tunnel  of  the  north-eastern 
section  of  the  LRT  system  in  Edmonton.  Stresses  in  steel 

ribs  were  also  measured  by  El-Nahhas  (1980  and  1977)  from 

strain  gauges  on  the  two  flanges.  Experience  with  strain 
gauges  bonded  to  steel  ribs  is  quite  discouraging.  Many 
factors  lead  to  the  poor  performance  of  strain  gauges  bonded 
to  steel  ribs: 

-  In  tunnels  where  ribs  are  subjected  to 

longitudinal  loads  from  the  TBM,  the  strains 
induced  during  jacking  may  exceed  and  hence  mask 
those  from  ground  loads 

-  Flanges  are  subjected  to  secondary  bending 

distortion  effects 

-  Steel  ribs  are  likely  to  be  subjected  to 
eccentric  or  torsional  loadings 

-  The  protection  cap  covering  the  strain  gauge  may 
induce  a  local  strain  field  distortion. 

All  these  factors  combine  to  create  a  complex  analysis 
of  strain  distribution  across  the  rib  section.  It  is 
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Figure  4.1  LOCATION  OF  STRAIN  GAUGES  ON  RIB  CROSS-SECTION 
LRT  NORTH-EAST  LINE  (AFTER  El SENSTEIN  ET  AL,  1977) 
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difficult  in  such  cases  to  separate  the  sources  of 
deformation  of  the  steel  ribs.  For  geotechnical  engineering 
research  purposes,  the  loadings  due  to  ground  pressure  are 
of  major  interest  and  can  hardly  be  quantified  given  the 
preceding  factors. 

The  wooden  lagging  of  the  primary  lining  is  seldom 
instrumented  due  to  the  variation  in  mechanical  and 
geometric  properties  of  the  timbers.  To  avoid  this 
variability  one  can  substitute  for  some  pieces  of  wooden 
lagging,  other  pieces  made  of  another  material  that  present 
more  uniform  properties  (e.g.  steel).  The  piece  of  lagging 
that  replaces  the  timber  must  have  similar  properties  to  the 
original  timber  lagging  otherwise  problems  similar  to  those 
described  for  pressure  cells  will  be  created.  The 
installation  of  strain  gauges  on  these  special  pieces  of 
lagging  allows  the  evaluation  of  loads  supported  by  these 
pieces . 

4.3.2  Load  Cells 

Load  cells  are  often  used  in  the  monitoring  of  loads  in 
tunnel  liners  in  order  to  minimize  the  difficulties  in 
interpreting  the  data,  as  described  in  Section  4.3.1.  Load 
cells  also  simplify  the  installation  procedure  since  they 
are  easily  transported  and  installed. 

Load  cells  are  structural  members  of  Known  mechanical 
properties,  with  strain  gauges  attached  to  measure  the 
deformation  of  the  element  under  load.  The  type  of  strain 
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gauge  attached  to  the  load  cell  defines  the  load  cell  type 

-  mechanical  load  cells 

-  photoelastic  load  cells 

-  electrical  resistance  load  cells 

-  vibrating  wire  load  cells 

Load  cells  have  been  extensively  used  in  segmented 
liners.  The  load  cells  are  installed  between  segments, 
yielding  no  significant  change  in  the  original  liner 
behaviour.  Load  cells  can  also  be  specially  installed  within 
a  segment  of  the  liner.  This  procedure  facilitates  the 
installation  at  the  usually  congested  face  of  the  tunnel  as 
no  deviation  from  the  normal  construction  sequence  occurs 
since  this  segment  will  have  been  previously  prepared. 
However,  the  installation  of  the  load  cell  within  a  segment 
complicates  the  load  cell  design,  since  its  presence  must 
not  alter  the  mechanical  behaviour  of  the  segment.  This  is 
not  easily  achieved. 

Usually  Load  cells  are  designed  to  carry  only  normal 
loads  which  can  be  achieved  by  providing  spherical  seats  for 
the  structural  members  (usually  part  of  a  steel  sphere).  The 
results  from  this*  type  of  load  cell  will  reflect  the 
behaviour  of  the  lining  only  if  the  position,  where  the 
device  is  installed,  originally  carries  only  normal  load. 

Load  cells  designed  to  measure  shear  forces  in  addition 
to  normal  forces  are  also  available.  One  type  of  these  load 
cells  is  described  by  Kovari  et  al.  (1977). 
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4.3.3  Lining  Deformation 

Another  means  of  obtaining  the  ground  stress  acting  on 
the  lining  is  the  measurement  of  the  lining  deformation. 

The  deformed  shape  of  the  lining  can  be  used  as  a 
displacement  boundary  in  any  numerical  analysis  in  which  the 
soi 1 -structure  interaction  is  analysed  (back  analysis  from 
known  displacements) 

Two  of  the  commonest  means  of  measuring  lining 
deformation  are  described  in  the  follow  sections: 

4.3.3. 1  Rod  or  Tape  Extensometer 

This  is  an  easy,  accurate  and  relatively  inexpensive 
way  of  measuring  the  distance  between  two  points  of  the 
lining.  Many  types  of  extensometers  have  been  designed  and 
details  concerning  them  are  considered  by  Burke  (1957), 
Obert  and  Duvall  (1967),  Cording  et  al  (1975)  and  El-Nahhas 
(  1977)  . 

Tape  extensometers  consist  of  a  micrometer  or 
mechanical  dial  gauge  connected  to  a  rod  or  series  of  rods 
of  known  length,  or  to  a  spring  loaded  tape  measure,  kept 
under  constant  tension  during  readings.  Measurements  are 
taken  by  attaching  the  tape  extensometer  between  the 
measurement  bolts,  fixed  to  the  inside  of  the  lining  and 
adjusting  the  rods  or  the  tension  of  the  tapes  to  the 
required  load. 

The  deformed  shape  of  the  tunnel  can  be  determined  by 
taking  readings  between  several  bolts  spaced  on  the  tunnel 
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lining  in  a  plane  normal  to  the  tunnel  axis.  The  larger  the 
number  of  relative  displacements  measured  between 
measurement  bolts,  the  better  the  definition  of  the  deformed 
lining  shape. 

4. 3. 3. 2  Integrated  Measuring  Technique 

Kovari  et  al.  (1977)  proposed  a  technique  of  measuring 
lining  displacements  in  order  to  obtain  the  normal  loads  and 
bending  moments  acting  in  the  lining  and  also  to  obtain  the 
external  loading  (radial  and  tangential ) .This  procedure  is 
termed  Integrated  Measuring  Technique  and  yields  reasonable 
results  despite  some  simplifications  inherent  in  the  method 
such  as  deformations  occur  only  in  the  plane  of  the 
monitored  ring  and  small  deformation  theory.  Kovari  et  al. 
(opt.cit.)  reported  that  the  deformation  of  the  Gotthard 
Road  Tunnel  liner  were  monitored  with  the  aid  of  three 
displacement  measuring  devices  (curvometer,  deformeter , 
di stometer- ISETH ) ,  as  proposed  by  their  method.  The  loads 
predicted  by  the  Integrated  Measuring  Technique  were 
compared  to  those  obtained  from  load  cells  installed  in  the 
same  ring  of  the  liner.  This  comparison  showed  the 
satisfactory  performance  of  the  method  proposed  by  Kovari  et 
al .  (opt . ci t . ) 
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4.4  The  L.R.T.  South  Extension  Tunnel  Liner  Instrumentation 

Loads  and  deformations  in  the  primary  lining  were 
measured  in  the  early  stages  of  construction  of  the  LRT 
tunnel  in  order  to  optimize  the  initial  liner  design  and  to 
study  the  soi 1 -structure  interaction. 

The  selection  of  instruments  used  in  the  monitoring  of 
liner  loads  and  displacements  of  the  LRT  tunnel  was  based 
mainly  on  previous  experience  in  tunneling  instrumentation 
at  the  University  of  Alberta. 

The  interaction  between  the  steel  ribs  and  wood  lagging 
was  investigated  because  little  is  Known  about  this 
interaction  and  because  it  affects  the  construction  costs 
and  lining  design  to  a  significant  extent.  The  study  of  the 
rib  and  lagging  interaction  was  accomplished  with  the 
instrumentation  of  twelve  steel  pieces  of  lagging  and  eight 
load  cells.  Two  load  cells  were  installed  on  each  of  four 
steel  rib  rings.  Convergence  of  other  four  ribs  was  measured 
with  the  tape  extensometer  and  eyebolts  described  later  in 
this  chapter. 

Pressure  distribution  acting  on  the  lagging  was 
obtained  by  measuring  strains  on  the  internal  face  of  12 
pieces  of  hollow  steel  lagging  that  were  designed  to  have 
the  same  bending  stiffness  of  the  wooden  lagging  in  order  to 
simulate  its  normal  behaviour. 

Details  of  each  proposed  instrument,  including 
calibration  tests,  installation,  measurement  procedure, 
field  data  and  data  reduction  is  presented  in  the  following 
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sections  of  this  chapter. 

4.4.1  Load  Cel  Is 

The  choice  of  which  method  should  be  used  to  measure 
loads  in  the  steel  ribs  was  based  on  an  analysis  of  the 
lining  installation  procedure.  As  explained  in  the 
description  of  the  construction  method  (2.3.1),  the  four 
segments,  composing  one  ring  of  the  steel  rib,  are  initially 
erected  within  the  mole  shield  and  Kept  together  by  two 
loose  sets  of  bol.ts  and  nuts  at  each  joint.  The  steel  rings 
are  exposed  to  the  soil  as  the  mole  advances  and  the 
expansion  ring  (jacks)  are  positioned  and  aligned.  The  bolts 
and  nuts  from  the  upper  joints  are  removed  to  allow  full 
expansion  of  the  joints.  The  expansion  spacers  (15.24cm 
long)  are  then  placed  between  the  end  plates  of  the  expanded 
joints.  The  bolts  and  nuts  are  then  properly  placed  and 
tightened  with  no  particular  predetermined  torque.  By 
leaving  the  bolts  and  nuts  relatively  loose  (hand  tightened) 
the  joints  become  free  to  rotate  and  to  move  radially. 

The  substitution  of  a  joint  spacer  by  a  load  cell 
designed  to  have  the  same  thickness  as  the  rib  spacers  and 
designed  with  spherical  load  caps  on  each  end  of  -the  load 
cell  insuring  that  only  axial  loads  are  transferred  between 
ribs,  would  not  alter  the  normal  behaviour  of  the  lining. 
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4. 4. 1.1  Load  Cell  Design  Details 

The  structural  members  of  the  load  cells  were  a  solid 
cylinder  of  cold  rolled  steel  (type  Cl 018).  Both  ends  of 
these  cylinders  had  a  spherical  shape  in  order  to  fit  the 
concave  seatings  of  same  radius  welded  to  the  end  plates 
according  to  Figure  4.2  This  allows  free  rotation  of  the 
structural  member  of  the  load  cell  in  the  presence  of  any 
bending  moment.  The  mechanical  properties  of  the  structural 
steel  are: 

-  Compressive  yield  strength  =  461965  KN/m2 

-  Tensile  yield  strength  =  572285  KN/m2 

-  Elastic  deformation  modulus  =  204092000  KN/m2 

A  diameter  of  7.62cm  was  chosen  for  the  solid  steel 
cylinder  and  safety  against  yielding  was  checked  as  follows: 

Assuming  full  overburden  at  the  spring  line,  uniformly 
acting  around  the  lining,  the  maximum  normal  load  in  the 
load  cell  can  be  calculated: 
w  =  20  KN/m3 

h  =  11.9m  w.h.s.R  =  885.36  KN 

s  =  1.2m 
R  =  3.1m 

where:  w  =  soil  unit  weight 

h  =  depth  of  spring  line 
s  =  ribs  spacing 
R  =  lining  radius. 

Based  on  the  load  from  full  overburden  pressure  the 
load  cells  have  a  safety  factor  of  2.4  against  yielding. 


137 


o 

co 


LD  Ld 


< 

(_> 

LD 


CD 

CO 


LU 

(— 

< 

CL 

O 

Z 

LU 


CO 

c< 

t >■ 


< 

< 


o 

LU 

LD 


CD 

CO 


CO 

CD 

k 

s 

T 

* 

1 

\ 

o 

- """  tn  ^ 

$ 

o 

£ 

t ^ 
rsi 


< 

A 


boi 


cr 

o 

LD 

z: 

LU 

LD 

CL 

ZD 

ZD 

O 


t 


rsi 


CD 

O 


cr 

LU 

O 


>- 

o 


C"- 

CD 

CD 


f 

LO.\ 


1 


< 

A 


1 


Figure  4.2  LOAD  CELL  -  DESIGN  DETAILS 
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Two  SINCO  52621  vibrating  wire  strain  gauges  were 
welded  to  the  cylinder  in  diametrically  opposite  directions 
so  strains  could  be  averaged  hence  a  more  accurate  normal 
load  obtained.  SINCO  52622  Pickup  Sensors  were  placed  over 
the  vibrating  wire  gauges  and  fastened  with  steel  belts 
welded  to  the  cylinder.  These  sensors  were  connected  to 
leads  long  enough  to  enable  remote  readings. 

Details  concerning  the  vibrating  wire  gauge,  pickup 
sensor  and  strain  indicator  are  given  in  the  manual  provided 
by  SINCO. 

Details  of  the  load  cells  are  depicted  in  Fig  4.2  and 
P late  4.1. 

4. 4. 1.2  Load  Cell  Calibration 

Eisenstein  et  al.  (1977)  found  that  the  maximum  normal 
load  in  the  ribs  was  approximately  630KN.  Based  on  this 
information,  load  cells  were  calibrated  to  a  load  of  700KN. 
Each  of  the  eight  load  cells  was  loaded  and  unloaded  three 
times  under  a  load  controlled  condition.  Strains  (from 
strain  gauges)  and  loads  were  recorded  for  every  increase  or 
decrease  of  100KN.  Results  from  these  calibration  tests  are 
presented  in  the  Appendix  C  of  this  thesis.  A  relationship 
between  loads  and  strains  for  each  load  cell  was  obtained  by 
the  linear  regression  of  the  data  related  to  the  loading 
portion  of  the  three  tests.  These  relationships  are 
presented  in  Table  C5  in  Appendix  C. 


139 


Plate 


4.1  LOAD  CELL  DETAIL 


Plate  4.2  LOAD  CELL  INSTALLATION 
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4. 4. 1.3  Load  Cell  Installation 

The  eight  load  cells  were  installed  as  shown  on  Figure 
4.3.  They  were  installed  in  such  a  way  that  loads  in  each  of 
the  four  joints  of  the  steel  sets  could  be  measured  twice. 

The  instrumented  rings  should  ideally  be  installed 
exactly  within  the  area  of  the  tunnel  where  "ground 
instruments"  had  been  installed  (between  chainage  Sta.200  + 

43.4  and  Sta.200  +  57.1).  Unfortunately,  it  was  only 

possible  to  place  the  four  rings  in  the  following  positions: 
ring  1  -  Sta.  200  +  60.6 
ring  2  -  Sta.  200  +61.8 
ring  3  -  Sta.  200  +  63.0 
ring  4  -  Sta.  200  +  64.2 

After  the  joint  expansion,  the  load  cells  were  placed 
between  end  plates  of  the  steel  ribs  (Plate  4.2)  and  the 
bolts  and  nuts  placed  in  order  to  be  tightened  later. 

The  load  cells  were  positioned  so  that  one  of  the 
strain-gauges  was  facing  the  soil  and  the  other  facing  the 
tunnel  centreline. 

An  additional  2.54cm  long  spacer  (W6x25  section)  had  to 
be  placed  between  one  end  of  the  load  cell  and  the  steel  rib 
plate  in  order  to  complete  the  15.24cm  of  length  of  the 
original  spacer  (at  the  time  the  load  cells  were  built,  it 
was  thought  that  spacers  were  to  be  12.70cm  long). 

A  departure  from  the  normal  construction  procedure  was 
necessary  in  the  rings  where  load  cells  had  to  be  installed 
in  the  lower  joints  as  the  expansion  joints  were  usually 


' 


142 


placed  in  the  upper  joints.  Expanding  one  or  two  of  the 
lower  joints  instead  of  the  upper  ones,  probably  altered  the 
behaviour  of  the  lining  in  that  region  but  not 
significantly. 

After  the  pressure  in  the  expansion  jacks  was  released 
and  the  load  cells  activated,  it  was  noticed  that  a  large 
radial  displacement  of  the  end  plates  of  adjoining  ribs  and 
relatively  large  rotation  of  the  structural  member  of  the 
load  cells  on  the  seats  had  taken  place.  The  rotation  of  the 
load  cells  separated  the  sensor  from  the  strain  gauge  due  to 
a  contact  between  sensors  and  end  plates  of  load  cells.  The 
sensors  were  replaced  and  the  strain  gauges  continued  to 
function. 

4. 4. 1.4  Measurement  Procedure 

Readings  were  taken  with  a  SINCO  Model  52601  strain 
indicator.  Readings  were  directly  displayed  as  microstrains, 
and  recorded  in  a  field  sheet  presented  in  Figure  4.4. 

Zero  readings  for  data  reduction  were  taken  for  each 
cell  immediately  before  installation.  Subsequent  readings 
were  taken  soon  after  the  pressure  in  the  expansion  jacks 
was  released  and  as  often  as  possible  in  the  proximity  of 
the  mole  tail.  The  number  of  readings  collected  was 
restricted  by  other  readings  that  had  to  be  taken 
simultaneously  and  by  the  installation  time  required  for 
other  instruments. 
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Figure  4.4  LOAD  CELL  FIELD  SHEET 
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4.4. 1 .5  Field  Data 

The  data  obtained  from  field  measurements  is  presented 
in  Tables  C6  to  Cl 3  in  Appendix  C. 

Measured  loads  were  plotted  versus  time  (Figure  4.5  and 
Figure  4.8),  versus  logarithm  of  time  (Figure  4.6  and  Figure 
4.9)  and  versus  distance  from  tail  of  mole  (Figure  4.7  and 
Figure  4.10) 

Figures  4.5  to  4.7  contain  data  from  the  load  cells 
installed  in  the  upper  joints  while  Figures  4.8  to  4.10 
contain  data  from  the  load  cells  installed  in  the  lower 
joints . 

4. 4. 1.6  Data  Reduction 

\ 

The  loads  measured  at  the  joints  of  the  steel  ribs 
reflect  the  resultant  of  the  stress  distribution  acting 
along  the  ribs  and  adjoining  pieces  of  lagging. 

There  are  many  possible  stress  distributions  acting  in 
the  perimeter  of  the  ring  that  yield  the  same  set  of  loads 
as  those  measured  at  this  site. 

The  most  often  used  stress  distribution  in  the  back 
calculation  of  field  data  is  that  presented  in  Figure  4.11. 
The  use  of  this  distribution  is  reasonable  for  deep  tunnels 
where  the  weight  of  the  excavated  soil  has  a  minor  influence 
on  the  equilibrium  of  the  tunnel  liner  (Mindlin  1940).  The 
assumption  of  the  stress  distribution  presented  in  Fig  4.11 
in  the  calculation  of  stresses  acting  on  the  liner  from  the 
loads  measured  in  the  load  cell  is  only  reasonable  when  load 
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Figure  4.11  LOAD  DISTRIBUTION  AROUND  TUNNEL 
SYMMETRIC  TO  VERTICAL  AND  HORIZONTAL  AXIS 
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cells  installed  in  both  upper  and  lower  joints  measure 
similar  loads. 

In  the  present  study  where  the  loads  in  the  lower 
joints  are  significantly  higher  than  those  in  the  upper 
joints,  a  stress  distribution  taking  into  account  the  side 
friction  along  the  tunnel  walls  seems  to  better  explain  the 
results,  and  does  not  complicate  the  analysis  (many  other 
more  complex  stress  distributions  could  be  used). 

Figure  4.12  depicts  the  proposed  stress  distribution 
and  it  should  be  noted  that,  in  this  figure,  the  ratio 
between  vertical  and  horizontal  effective  stresses  after  the 
tunnel  construction  was  assumed  to  be  unity,  in  order  to 
simplify  the  solution. 

Figure  4.13  presents  the  calculations  carried  out  in 
order  to  obtain  the  relationship  between  measured  loads  in 
the  upper  and  lower  load  cells  and  the  stresses  acting  on 
the  lining.  These  relationships  are  given  below: 

Rupper  =  2.91pc  +  0 . 1 9p j 

R lower  =  2.91pj  +  0.1 9pc  4.1 

The  meaning  of  each  component  of  this  equation  is  given 
in  Figure  4.13. 

Values  of  pc  and  Pj  (pressures  at  the  crown  and  invert, 
respectively)  can  be  found  by  substituting  a  pair  of  loads 
measured  in  the  field  (in  the  upper  and  lower  joints)  in 
equations  4.1. 

A  decision  was  made  to  study  the  stress  distribution 
acting  on  the  liner  using  load  cell  readings  taken  when  the 
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Figure  4.12 
INTO  ACCOUNT 


GROUND  STRESS  DISTRIBUTION  ON  STEEL  RIBS  TAKING 
SHEAR  ALONG  THE  SOIL-LINER  INTERFACE 
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shield  tail  was  36.4  metres  away.  This  distance  was  found  to 
be  convenient  because,  at  this  distance  from  the  shield,  the 
sections  studied  were  considered  to  be  far  enough  to  avoid 
mole  jacking  effects  and  close  enough  to  minimize  the  time 
dependent  soil  behavior  effects  on  the  lining  pressure. 
Readings  of  load  cells  taken  at  approximately  36.4m  away 
from  the  mole  took  place  within  14  days  of  their 
instal lat ion. 

Due  to  the  fact  that  the  use  of  Equations  4.1  requires 
load  measurements  in  the  upper  and  lower  joints  at  the  same 
ring  and  that  not  all  instrumented  rings  had  load  measured 
in  both  upper  and  lower  joints,  it  was  proposed  that  the 
study  of  pressure  distribution  on  the  lining  be  carried  out 
by  combining  the  data  obtained  from  two  adjoining 
instrumented  rings.  By  doing  so,  stress  distributions  can  be 
obtained  by  combining  loads  measured  in  the  upper  and  lower 
joints  of  rings  1  and  2,  rings  2  and  3  and  rings  3  and  4 
( figure  4.3). 

The  values  of  load  cell  readings  at  36.4m  away  from  the 
mole  and  values  of  pc  and  pj  obtained  from  the  solution  of 
Equations  4.1  are  presented  in  Table  4.2. 

4.4.2  Steel  Lagging 

The  instrumentation  and  study  of  the  lagging  in  the  LRT 
tunnel  primary  lining  was  not  only  important  from  the 
research  point  of  view,  but  also  from  an  economic  point  of 
view  since  an  increase  in  the  originally  specified  timber 
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Load  cell  no.  Load*  (KN)  at  36.4  from  shield 


1 

2 

3 

4 

5 

6 

7 

8 


172.00 

194.41 
304.71 

239.41 
210.00 
145.00 

70.23 

100.23 


*  Values  linearly  interpolated  from  readings 
(see  Tables  C6  to  Cl 3  in  Appendix  C) 


STUDIED 

COMBINED 

LOAD  ** 

** 

RINGS 

CELLS 

Pcrown 

(KN/m2) 

P invert 

(KN/m2) 

RING 

1 

#1 

& 

#2 

45.83 

52.49 

AND 

#1 

& 

#3 

43.76 

84.21 

RING 

2 

& 

#4 

44.98 

65.43 

RING 

2 

#6 

& 

#3 

35.99 

84.75 

AND 

#6 

<5 

#4 

37.22 

65.97 

RING 

3 

#6 

<5 

#5 

37.77 

57.51 

RING 

3 

#6 

& 

#5 

37.77 

57.51 

AND 

#7 

& 

#5 

16.26 

59.00 

RING 

4 

#8 

& 

#5 

24.89 

58.40 

**  1 . 2m  rib 

spaci ng 

already  considered 

Table  4.2  LOADS  ACTING  ON  THE  STEEL  RIBS  AT  36. 4M  FROM  THE 
SHIELD  TAIL 
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lagging  length  would  yield  an  increase  in  the  tunnel  advance 
rate  and  a  decrease  in  the  number  of  steel  ribs  required, 
thus  resulting  in  an  overall  cost  decrease. 

The  pressure  acting  on  the  timber  lagging  could  be 
obtained  by  installing  pressure  cells  at  the  contact  between 
the  ground  and  lagging  but  this  procedure  was  promptly 
disregarded  due  to  reasons  discussed  in  Section  4.2 

It  was  then  decided  to  obtain  ground  load  distributions 
by  monitoring  lagging  strains  and  converting  them  to 
pressures  by  back  calculation. 

/Three  problems  had  to  be  faced  at  this  stage: 

-  the  difficulty  of  obtaining  accurate  and 

reproducible  strain  measurements  in  wood; 

-  the  variability  of  timber  properties; 

-  how  to  separate  the  deformat  ions . caused  by  the 
mole  advance  from  those  caused  by  the  action  of 
the  ground. 

The  first  two  problems  can  be  avoided  by  measuring 
strains  in  steel  pieces  of  lagging,  constructed  to' have  the 
same  bending  stiffness  as  timber,  and  the  third  by  making 
these  special  instrumented  pieces  of  lagging  slightly 
shorter  than  the  standard  121.92cm  length. 

4.4.2. 1  Steel  Lagging  Design  Details 

According  to  the  specifications  for  the  primary  lining, 
the  wooden  lagging  should  consist  of  spruce  or  equivalent 
material  having  an  allowable  bending  fibre  stress  of  not 
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less  than  6895  KN/M2.  Its  dimensions  should  be 

-  section  100x150  (mm) 

-  length  121.92cm 

The  150mm  cross-sectional  dimension  should  be  placed 
against  the  soi 1 . 

Three  pieces  of  timber  lagging  were  brought  to  the 
University  laboratory  and  loaded  in  bending  by  applying 
equal  concentrated  loads  at  the  one- third  points  of  the 
152.4cm  span  (it  was  decided  to  test  longer  timbers  than  the 
ones  that  were  being  used  in  the  early  stages  of  the 
construction)  and  the  central  deflection  versus  load  was 
recorded  in  order  to  obtain  the  average  flexural  rigidity. 
The  flexural  rigidity  (El)  was  found  to  be  105.61KN.m2  and 
the  modulus  of  elasticity  (E)  7929 . 25MN/m2 . 

It  can  be  concluded  that  steel  pieces  of  lagging  with  a 
flexural  rigidity  of  105.61KN.m2  should  be  built  in  order  to 
replace  the  original  timber  lagging. 

Twelve  pieces  of  lagging  were  made  according  to  Figure 
4.14  and  the  steel  section  HSS  5x2x0.188  was  the  best 
available,  at  that  time,  that  would  satisfy  the 
requirements.  The  relevant  mechanical  properties  of  the  beam 
section  chosen  are  presented  in  Figure  4.14. 

Weldable  Ailtech  electric  strain  gauges,  Model  SG129, 
were  attached  to  the  face  of  the  steel  lagging,  facing  the 
tunnel  ax.is,  in  three  locations  in  order  to  enable  the 
evaluation  of  the  ground  stress  distribution  along  the 
length  of  the  beam.  A  piece  of  steel  lagging  is  shown  on 


' 


STRAIN  GAUGES 
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Figure  4.14  STEEL  LAGGING  DESIGN  DETAILS 
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Plate  4.3. 

4. 4. 2. 2  Steel  Lagging  Calibration  Tests 

Calibration  tests  were  carried  out  on  each  of  the 
twelve  pieces  of  steel  lagging.  Tests  were  carried  out  on  a 
Baldwin  Universal  Testing  Machine  where  the  HSS  5x2x0.188 
test  beams  were  loaded  in  bending  by  applying  equal 
concentrated  loads  at  the  one-third  points  of  the  110.48cm 
free  span. 

Due  to  time  constraints,  strain  readings  during  the 
calibration  tests  were  taken  from  all  three  gauges  only  for 
piece  SL10  while  for  the  other  beams  readings  were  taken 
only  at  the  centre  strain  gauge.  Strains  were  measured  with 
the  strain  indicator  produced  by  Automation  Industries  Inc. 
The  calibration  test  results  are  presented  in  Tables  C14  to 
C19  in  Appendix  C. 

As  expected,  the  strain  readings  along  the  length  of 
test  beam  SL10  were  proportional  to  bending  moment.  The 
strains  can  also  be  expected  to  be  proportional  to  bending 
moments  for  the  other  beams. 

The  inclination  of  the  loading  portion  of  the 
calibration  curves  were  practically  the  same  for  all  beams 
with  a  mean  value  of  6410KN.m  (Fig  4.15).  From  this  mean 
calibration  curve,  the  empirical  flexural  rigidity  of  the  12 
test  beams  can  be  evaluated. 

For  a  beam  under  bending: 


. 
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Figure  4.15  STEEL  LAGGING  -  MEAN  CALIBRATION  CURVE 


Plate  4.3  STEEL  LAGGING  DETAIL 


Plate  4.4  STEEL  LAGGING  INSTALLATION 
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£  =  M.y/E.I 

where  £  =  strain 

M  =  bending  moment 
EI=  flexural  rigidity 
y  =  0.0254m 


thus:  El  =  _M  0.0254 

t 


For  M It  -  64 1 OKN .m  ,  El  =  162.81  KN.m2 

which  is  different  from  the  tabulated  one:  132.81KN.m2. 

It  can  be  concluded  that  the  test  beams  have  a  flexural 
rigidity  54%  higher  than  anticipated. 

Corrections  have  been  made  to  the  field  data  in  order 
to  analyse  them. 

4. 4. 2. 3  Steel  lagging  Installation 

The  pieces  of  steel  lagging  were  placed  in  position  1, 
position  2  and  position  3  as  shown  on  Figure  4.16. 

Position  1  was  located  between  rings  1  and  2  where  load 
cells  #1,  #2,  #3  and  #4  were  installed  (see  Figure  4.17), 

position  2,  between  rings  2  and  3  and  position  3  between 
rings  3  and  4.  In  each  of  these  positions,  four  pieces  of 
lagging  were  installed.  They  were  placed  in  positions  that 
would  enable  the  monitoring  loads  in  most  significant 
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Figure  4.16  STEEL  LAGGING  LOCATION 


RING3  LC  8 
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Figure  4.17  SL  AND  LC  RELATIVE  POSITION 
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portions  of  the  circumference.  No  steel  lagging  was  placed 
at  the  invert  because  this  region  was  being  used  as  the  base 
for  the  tracks  for  the  muck  cars. 

The  pieces  of  lagging  were  installed  soon  after  the 
erection  of  the  steel  ribs  within  the  shield  (Plate  4.4). 
The  ribs  were  erected  at  a  distance,  from  the  previous 
installed  ribs,  slightly  larger  than  the  standard  121.92cm 
spacing,  in  order  to  facilitate  the  lagging  installation. 

During  the  steel  lagging  installation,  a  space  was  left 
between  adjacent  timbers  by  using  four  pieces  of  wood  (1cm 
thick  and  3cm  wide),  two  at  each  side  of  the  contact,  to 
minimize  side  friction  and  to  allow  the  measurement  of 
overcore  closure. 

4. 4. 2. 4  Measurement  Procedure 

Strains  in  the  steel  lagging  strain  gauges  were 
measured  with  the  read-out  unit  produced  by  Automation 
Industries  Inc. 

Zero  readings  from  the  steel  lagging  were  taken 
immediately  after  installation,  when  the  pieces  of  lagging 
were  within  the  shield.  The  first  reading  following  the  zero 
reading,  after  installation,  was  taken  when  the  steel 
lagging  was  between  1  and  3  metres  from  the  shield  tail.  It 
was  not  possible  to  record  the  strains  more  frequently  at 
this  stage  because  other  readings  had  to  be  taken  and  other 
instruments  had  to  be  installed  simultaneously. 
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Strains  were  read  for  the  three  strain  gauges  of  each 
piece  of  steel  lagging  and  recorded  in  the  field  sheet 
presented  in  Figure  4.18.  As  the  tunnel  had  its  axis  in  the 
EAST-WEST  direction,  strain  gauges  from  each  piece  of 
lagging  were  given  the  letters  E  (east),  C  (centre)  and  W 
(west ) . 

At  least  four  sets  of  readings  were  taken  for  all 
pieces  of  steel  lagging,  when  they  were  within  one  diameter 
of  distance  from  the  shield  tail. 

4. 4. 2. 5  Field  Data 


The  data  recorded  in  the  field  is  tabulated  in  Tables 
C20  to  C25  presented  in  Appendix  C. 


The  strains  were 

plotted  versus  time 

and 

versus 

distance  from  shield 

tai  1 

and  are  presented  in  figures 

4.19 

to  4.30. 

In  all  figures 

and 

tables  referring  to 

the 

steel 

lagging  data,  the 

term 

"DISTANCE  FROM  TAIL  OF 

MOLE" 

means 

the  distance  from  the 

end 

of  the  steel  lagging, 

that 

first 

leaves  the  shield,  to  the  tail  of  the  mole  (shield). 

In  some  cases,  strains  could  not  be  properly  recorded 
due  to  the  mal -functioning  of  the  connectors  attached  to  the 
strain  gauges. 

Data  from  the  steel  lagging  occupying  the  same  relative 
position  along  the  perimeter  of  the  tunnel  wall,  were 
plotted  in  the  same  graph. 
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Figure  4.18  STEEL  LAGGING  FIELD  SHEET 
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Figure  4.26  STEEL  LAGGING  -  tt 2  AND  #7  -  STRAIN  VS  DIST.  FROM 
TAIL  OF  MOLE 
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Figure  4.28  STEEL  LAGGING  -  #3  AND  #6  -  STRAIN  VS  DIST.  FROM 
TAIL  OF  MOLE 
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Figure  4.30  STEEL  LAGGING  -  04  AND  05  -  STRAIN  VS  DIST.  FROM 
TAIL  OF  MOLE 
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4. 4. 2. 6  Data  Reduction 

The  measurement  of  strains  at  three  different  points 
along  the  length  of  the  pieces  of  steel  lagging  was  taken  to 
obtain  the  magnitude  and  distribution  of  the  soil  load  on 
the  lagging. 

Bending  moments  are  directly  related  to  measured 
strains  through  the  calibration  curve,  Figure  4.15,  and  are 
tabulated  in  Tables  C20  to  C25  in  Appendix  C. 

Load  distribution  can  be  evaluated  from  bending  moments 
through,  the  structural  concept: 

n  av  32M 
"ax  ’  i  x2 

where  p  =  load  distribution 
V  =  shear  force 
M  =  bending  moment 

As  bending  moments  are  only  available  at  three 
positions  along  the  pieces  of  steel  lagging,  the  evaluation 
of  the  bending  moment  distribution  is  only  approximate.  The 
load  distribution  calculated  from  the  analysis  is  strongly 
affected  by  the  assumed  initial  moment  distribution. 

For  the  field  data  reduction,  it  was  initially  assumed 
that  the  bending  moments  varied  linearly  between  strain 
gauges  and  between  the  outer  strain  gauges  and  the  ends  of 
the  steel  lagging.  Shear  forces  could  be  calculated  from 
this  variation  of  bending  moments  and  the  same  procedure  is 
applicable  to  shear  forces  in  order  to  calculate  external 
load  distributions. 
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This  procedure  is  illustrated  in  Figure  4.31. 

The  results  obtained  from  this  analysis  were  clearly 
not  reflecting  the  actual  load  distribution  carried  by  the 
lining.  In  some  cases,  loads  were  found  to  be  acting  in  the 
opposite  of  the  expected  direction  (i.e.  acting  outwards). 

It  was  then  decided  to  submit  the  data  to  a  simpler 
analysis  that  would  assume: 

-  the  ground  load  was  uniformly  distributed  along 
the  length  of  the  steel  lagging. 

-  no  moments  were  carried  by  the  ends  of  the  steel 
pieces  of  lagging. 

-  no  axial  load  was  transmitted  to  the  steel 
lagging. 

Since,  for  all  pieces  of  lagging,  it  was  impossible  to 
find  a  unique  uniform  load  distribution  that  would  yield 
values  of  strains  identical  to  those  obtained  from  the 
strain  gauges,  the  uniform  load  distribution  obtained  from 
the  data  was  assumed  to  be  the  average  of  two  different 
uniform  load  distributions,  calculated  from  the  three  strain 
gauges  as  follows: 

Pu c  =  obtained  from  the  strains  measured  by  the 
central  strain  gauge. 

P  =  obtained  from  the  average  of  the  strains 

u,o 

measured  by  the  two  outer  strain  gauges. 

Figure  4.32  depicts  these  assumptions. 

The  load  distribution  along  the  steel  lagging  was 
calculated  using  the  data  obtained  when  the  pieces  of 
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Figure  4.31  STEEL  LAGGING  STRESS  DISTRIBUTION  CALCULATED 
FROM  STRAIN  GAUGES 
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ASSUMED  ON  THE  DATA  REDUCTION 
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lagging  were  at  36.4m  of  distance  from  the  tail  of  the  mole. 

This  distance  was  chosen  for  the  same  reasons  discussed 
earlier  for  the  load  cells: 

-  readings  taken  close  to  the  tail  would  be 
affected  by  the  mole  advance  forces 

-  readings  taken  remote  from  the  tail  would  be 
affected  by  the  ground  time  dependent  behavior. 

The  reading  taken  at  36.4m  from  the  mole  tail  took 
place  less  than  14  days  after  the  tail  passed  any 
instrumented  ring.  In  most  cases  readings  exactly  at  the 
distance  of  36.4m  from  the  tail  were  not  taken  and,  in  these 
cases,  bending  moments  were  obtained  by  linear  interpolation 
of  available  field  data.  The  uniform  load  distribution, 
calculated  based  on  the  assumptions  described  in  this 
section,  is  presented  in  Table  4.3. 

During  the  calibration  tests,  the  flexural  rigidity  of 
the  steel  lagging  was  found  to  be  54%  larger  than  that  of 
the  timber  lagging  (162.81KN.m2  and  105.61KNm2 

respectively).  This  means  that  the  load  picked  up  by  the 
steel  lagging  is  probably  larger  than  that  carried  by  the 
timber.  Hence,  a  correction  is  necessary  since  the  main 
interest  is  the  ground  load  acting  on  the  wooden  lagging. 
For  the  sake  of  simplicity,  it  was  assumed  that  there  is  a 
linear  relation  between  load  carried  and  the  bending 
stiffness.  The  loads  originally  calculated  can  be  corrected 
easily  and  are  presented  in  the  last  column  of  table  4.3. 
More  complex  corrections  are  not  justified  since  many 
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simplifying  assumptions  have  been  already  made.  The 
corrected  values  of  table  4.3  are  plotted  in  their 
respective  locations  in  Figure  4.33. 

4.4.3  Overcoring  Measurement 

The  Knowledge  of  the  rate  of  closure  of  the  void  left 
between  the  ground  and  the  lagging  would  be  of  great 
interest,  with  respect  to  loss  of  ground  studies  and  helpful 
in  interpreting  the  steel  lagging  and  load  cell  results. 

The  distance  between  the  pieces  of  steel  lagging  and 
the  ground  will  be  referred  as  overcoring.  The  overcoring 
was  measured  in  six  different  locations  along  the  length  of 
each  steel  lagging  installed  in  positions  1  and  2,  soon 
after  they  left  the  shield. 

Shortly  before  the  second  set  of  readings  was  taken  (a 
couple  of  hours  later)  it  was  noticed  that  the  ground  was 
beeing  squeezed  through  the  space  left  between  the  steel  and 
timber  lagging.  The  soil  that  was  coming  towards  the  tunnel 
was  a  very  wet  soft  clay  mixed  with  medium  sand  which  was 
probably  coming  from  a  inter-till  water  bearing  sand  pocket 
mixed  with  cuttings  from  the  mole.  The  presence  of  this 
material  around  the  lining  determined  the  end  of  overcoring 
rate  closure  measurements  which  was  not  measured  later. 
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4.4.4  Lining  Deformation 

The  monitoring  of  lining  deformation  can  be  very 
helpful  in  the  interpretation  of  the  steel  lagging  and  load 
cell  results  and  provides  valuable  input  for  the  computer 
numerical  analysis. 

For  the  LRT  primary  lining,  the  distortion  was  recorded 
by  measuring  the  change  in  chords  of  the  lining  with  a  tape 
extensometer  and  monitoring  the  level  change  of  some  points 
welded  to  the  lining. 

The  quality  of  the  distortion  readings  would  be 
undoubt ly  improved  if  use  had  been  made  of  the  curvometer 
and  deformeter  proposed  by  Kovari  (1977)  but  these 
instruments  were  not  available  at  the  moment  they  were 
needed . 

4.4.4. 1  Details  of  Instrumentation 

The  tape  extensometer  used  in  the  distance  readings  was 
produced  by  Slope  Indicator  Co.  Model  P/N  518115.  This  tape 
extensometer  consists  of  a  spring  loaded  steel  tape 
connected  to  a  dial  gauge.  Accurate  measurements  of 
distances  between  two  points  are  accomplished  by  hooking  one 
end  of  the  tape  and  the  hook  connected  to  the  dial  gauge  to 
the  eye-bolts,  previously  fixed  to  these  two  points. 

In  the  primary  lining,  four  steel  ribs  were  chosen  for 
deformation  observation.  Each  of  these  steel  rings  had  five 
eye-bolts  welded  according  to  Figure  4.34.  In  this  figure, 
seven  chords  are  indicated,  which  together  with  the  level 
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LEVEL  CHANGE  WAS  MONITORED  IN  “A  AND'V 
I  TO  3ZZI  -  MEASURED  CHORDS 


Figure  4.34  LINING  DEFORMATION  MEASUREMENT  -  POSITION  OF  THE 
EYE-BOLTS  AND  MEASURED  CHORDS 
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change  of  the  two  lower  eye-bolts,  made  possible  the 
location  of  the  absolute  position  of  the  five  points  in  the 
plane  of  that  ring. 

4. 4. 4. 2  Eye-Bolts  Installation 

The  ribs  that  had  deformations  monitored  were  named 
ring  5,  ring  6,  ring  7  and  ring  8  located  at  Sta.  200  + 
73.0,  Sta.  200  +  74.2,  Sta.  200  +  75.4  and  Sta.  200  +  76.6 
respectively. 

The  eye-bolt  installations  were  very  simple  and 
consisted  simply  of  welding  them  to  the  rib.  The  welding  was 
only  possible  after  the  joint  expansion  and  the  spacer 
placement  because,  during  expansion,  the  rib  expansion  ring 
was  Kept  in  contact  with  the  ribs  being  expanded.  The 
premature  eye-bolt  installation  would  inevitably  have 
resulted  in  their  complete  destruction. 

In  order  to  improve  the  accuracy  of  the  level 
measurements,  the  two  lower  eye-bolts  of  each  of  the  four 
rings  were  welded  to  the  lining  together  with  a  specially 
designed  steel  cylinder,  with  a  cone-shaped  depression  that 
fits  the  lower  end  of  the  surveying  rod. 

All  level  measurements  were  referenced  to  a  steel  pin 
anchored  to  the  concrete  structure  of  the  Central  Station, 
at  the  tunnel  entrance  (approximately  at  70  metres  from  ring 
5). 

A  turning  point  was  welded  to  the  lining  between  the 
Central  Station  and  ring  5  in  order  to  decrease  the  sight 


' 


192 


distance  from  surveying  rod  to  the  level. 

4.4.4. 3  Measurement  Procedure 

For  ring  5,  the  first  set  of  readings  was  taken  soon 
after  the  eye-bolts  were  installed  at  a  distance  of  0.4m 


from 

the  tai 1 . 

At  that 

moment , 

the  mole 

was  advancing 

and 

the 

jacking 

forces 

on  the 

lining, 

together  with 

the 

vibration  from  the  muck  cars,  made  the  readings 
significantly  difficult  to  observe.  This  set  of  readings 
comprises  the  measurement  of  the  length  of  seven  chords  and 
level  of  the  two  lower  eye-bolts.  Another  difficulty  that 
was  encountered  while  readings  were  being  taken  was  the 
interference  of  these  readings  with  the  construction 
procedure. 

Based  on  these  experiences  it  was  decided  to  take 
readings  only  when  neither  the  mole  nor  the  muck  cars  were 
working.  This  situation  happened  at  a  distance  of  1.6m  away 
from  the  shield  tail  (1  push  of  the  mole  after  the  eye-bolt 
installation) . 

The  second  complete  set  of  readings  could  not  be  taken 
within  the  next  15  metres  of  mole  advance  because  the 
conveyor  belt  structure  and  the  power  generator  (pulled  by 
the  mole)  directly  interfered  with  the  chord  measurements. 
The  subsequent  set  of  readings  was  taken  for  all  rings  (5  to 
8)  when  they  were  at  distances  between  three  and  four 
diameters  from  the  shield  tail.  The  third,  and  last  set  of 
readings,  was  taken  one  day  after  the  second  set. 
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Measurements  were  recorded  in  the  field  data  sheet 
presented  in  Figure  4.35. 

4. 4. 4. 4  Field  Data 

The  field  data  related  to  the  lining  deformation 
measurements  is  presented  in  Table  C26,  in  Appendix  C,  and 
the  reduced  displacements  are  plotted  in  Figure  4.36. 

The  results  shown  on  Figure  4.36  assume  that  the 
central  point  of  the  chord  I  did  not  move  laterally. 


4.5  Discussion  of  the  LRT  South  Extension  Tunnel  Liner 
Instrumentation 

In  this  section,  data  will  be  analysed  independently 
for  each  set  of  data  obtained  from  each  instrument  and, 
finally,  a  general  discussion  will  consider  all  the  data. 

4.5.1  Discussion  of  Loads  and  Displacements  of  the  Steel 
Ribs 

A  significant  difference  in  normal  loads  obtained  from 
load  cells  installed  in  the  same  relative  position  of  the 
liner  is  noticeable  (  Figures  4.5  and  4.6).  This  variability 
of  results  happens  due  to  the  uneven  application  of  jacking 
forces  around  the  perimeter  of  the  lining  during  the  mole 
advance.  This  uneven  force  application  is  necessary  for  the 
steering  and  alignment  of  the  mole.  It  can  be  concluded, 
then,  that  the  load  distribution  acting  on  the  lining  is 
strongly  affected  by  the  construction  method. 
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Figure  4.35  LINING  DEFORMATION  MEASUREMENT  -  FIELD  DATA 
SHEET 
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RING  5  RING  6  RING  7  RING  8 

H=0.37  H  =  0.13  H=-0.84  H =-2.14 

V  =  2.84  V=2.56  V=  3.30  V=  4.24 


DISPL.  SCALE:  3  =  1 


RING5  RINGS  RING7  RING8  RING5  RING6  RING7  RING8 

H=0. 21  H=  0.19  H  =  0.52  H=  0.51  H=-0.21  H=-0.19  H  =  -0.52  H=-0.51 

V=  2.80  V=  2.90  V=3.20  V=3.40  V  =  2.30  V=  2,70  V=  3.10  V=  3.60 


Figure  4.36  LINING  DEFORMATION  RESULTS 
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The  variability  of  readings  for  each  load  cell  was 
evident  when  these  readings  were  taken  when  the  mole 
propulsion  jacks  were  within  a  distance  of  approximately  20 
metres  from  the  load  cells  (or  14  days  after  installation). 

All  figures  depicting  the  load  cell  data  also  clearly 
show  that  the  load  cells  installed  in  the  upper  joints 
picked  up  lower  normal  loads  than  those  installed  in  the 
lower  joints.  This  was  the  main  justification  for  the 
analysis  of  Section  4. 4. 1.6  (Load  Cell  Data  Reduction). 
Higher  loads  in  the  lower  joints  are  probably  due  to  the 
developement  of  shear  forces  between  the  ground  and  tunnel 
liner.  The  installation  of  load  cells  in  the  lower  joints 
undoubt ly  induced  this  side  friction  because  the  joint 
expansion  was  done  with  an  upward  movement  of  the  steel  rib 
located  above  this  joint.  The  tunnel  construction  was  shut 
down  for  five  days  (from  18  to  23-feb-81),  when  ring  number 
4  was  four  metres  away  from  the  shield  tail.  During  this 
period,  the  loads  in  the  lower  joints  (numbers  2, 3,4,5) 
increased  while  loads  in  the  upper  joints  (numbers  6,7  and 
8)  decreased  (see  Tables  in  Appendix  C).  This  enhances  the 
interpretation  that  the  development  of  shear  forces  along 
the  tunnel  walls  is  not  solely  due  to  the  expansion  of  the 
lower  joints. 

The  shear  force  at  the  soil-liner  interface  has  a 
greater  effect  on  the  lining  behaviour  in  shallow  tunnels 
than  in  deep  tunnels.  For  the  latter,  the  shear  forces  are 
small  when  compared  to  the  ring  stresses  induced  by  the 
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stress  field. 

There  are  many  methods  of  defining  whether  a  tunnel  is 
shallow  or  deep.  These  definitions  can  be  based  on  the  modes 
of  failure  of  the  opening;  the  similarity  of  ground 
displacements  above  and  below  the  tunnel;  whether  the 
surface  displacements  are  measurable  or  not;  and  the  theory 
of  elasticity.  The  Knowledge  of  whether  a  tunnel  will  behave 
as  a  shallow  or  as  a  deep  tunnel  seems  to  be  of  enormous 
consequence  in  the  liner  design.  This  importance  is 
discussed  in  Chapter  5  of  this  thesis. 

The  study  of  stress  distribution  around  the  tunnel, 

presented  in  Section  4.4. 1.6  (Load  Cell  Data  Reduction) 

aided  in  interpreting  the  lining  behaviour.  By  comparing  the 

values  of  load  distribution  acting  on  the  crown  and  the 

invert  presented  in  Table  4.2  with  the  stress  at  these 

locations  before  the  tunnel  was  excavated,  it  can  be 

concluded  that  the  average  stress  relief  at  the  invert 

(233KN/m2)  is  higher  than  that  at  the  crown  (138KN/m2).  This 

difference  in  stress  relief  might  reflect  the  behaviour  of  a 

shallow  tunnel,  since  for  a  deep  tunnel  this  relief  should 

be  approximately  the  same  for  crown  and  invert.  The  general 

upward  movement  of  the  tunnel  liner  presented  in  Figure  4.36 
* 

might  also  be  related  to  the  difference  in  stress  relief  in 
the  crown  and  invert. 

The  plots  of  load  versus  time  and  logarithm  of  time 
show  that  loads  continually  increase  after  the  mole  passes  a 
section.  This  behaviour  is  attributed  to  the  time  dependent 
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transfer  of  loads  from  the  soil  to  the  tunnel  liner. 

The  observation  by  Peck  (1969-b)  seems  to  be  valid  in 
this  case:  "For  many  tunnels  the  ring  load  appears  to 
increase  roughly  proportionally  to  the  logarithm  of  time". 

It  should  be  finally  mentioned  that  load  cells  located 
at  36.4m  away  from  the  shield  tail  indicated  a  load 
distribution  on  the  lining  varying  from  9  to  26  per  cent  of 
the  overburden  at  the  crown.  Further  comments  on  this 
variation  will  be  offered  in  Section  4.5.4. 

4.5.2  Discussion  on  Steel  Lagging  Results 

Figures  4.19  to  4.29,  which  present  strains  measured 
versus  time  and  versus  distance  from  the  tail  of  the  mole, 
show  some  points  of  the  lagging  behaviour  that  are  worth 
men  t i on i ng . 

It  should  be  noted  that  there  is  no  direct  relationship 
between  the  load  carried  and  the  position  of  the  pieces  of 
lagging  as  compared  to  the  load  cells  that  consistently 
measured  higher  loads  in  the  lower  joints  of  the  steel  ribs. 

The  figures  also  show  that  the  strains  measured  in  the 
three  strain  gauges  attached  to  each  of  the  instrumented 
pieces  of  lagging  reflect  the  non-uniform  nature  of  the  load 
acting  along  each  of  these  pieces.  In  some  cases  (SL2,  SL5 
and  SL9)  negative  strains  were  measured  indicating  that 
normal  load  was  present,  probably  transmitted  through  the 
four  contact  points  of  the  steel  lagging  with  the  adjoining 
timbers  and  through  the  contact  between  these  pieces  and 
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steel  ribs.  It  is  believed  that  these  normal  loads  are  very 
small  and  should  not  significantly  alter  the  analysis. 

In  most  cases,  activation  of  the  lagging  occurred  at  a 
distance  between  1.3  and  5.2  metres  from  the  shield  tail 
thus  giving  some  indication  of  where  the  arching  between  the 
excavated  soil  ahead  of  the  mole  and  the  lining  is  taking 
place.  After  the  lagging  activation,  the  strains  varied 
within  a  relatively  narrow  range  except  for  SL9,  SL2  and 
SL7 . 

It  should  be  noted  that  most  strain  gauges  reflected  a 
decrease  in  the  magnitude  of  loads  supported  by  the  steel 
lagging  after  the  mole  stopped  with  the  tail  at  85.6  metres 
from  ring  5.  This  occurrence  was  probably  due  to  the 
decrease  in  the  "negative  ground  arching"  induced  by  the 
presence  of  a  stiffer  element  in  the  lagging  and  not  to  the 
increase  in  arching  of  ground  between  steel  ribs,  which 
probably  decreases  with  time. 

The  reduced  data,  presented  in  Section  4. 4. 2. 6  (steel 
lagging  data  reduction)  involved  many  simplifications  and 
assumptions  but  still  are  very  useful  in  interpreting  the 
lagging  behaviour.  Figure  4.33  depicts  the  reduced  uniform 
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interrelationship. 

The  maximum  measured  load  acting  on  the  lagging  36.4m 
away  from  the  mole  is  only  33%  of  the  overburden  (51%  if  no 
stiffness  correction  is  made)  which  justified  the  increase 
in  the  rib  spacing  from  121.92cm  to  152.40cm.  This  increase 
in  rib  spacing  for  the  construction  of  the  remainder  of  the 
tunnel  was  enhanced  by  the  loads  acting  on  the  lagging 
measured  by  Thomson  and  El-Nahhas  (1980)  from  3%  to  63%  of 
overburden  (tunnel  in  clay  shale  and  TBM  excavated).  The 
increase  in  the  rib  spacing  promoted  significant  economy  by 
not  only  decreasing  the  number  of  steel  ribs  required  but 
also  increasing  the  rate  of  mole  advance. 

More  accurate  load  distributions  would  be  possible  if  ( 
the  steel  lagging  comprised  the  entire  ring  rather  than  just 
a  part. 

4.5.3  Discussion  of  the  Convergence  /  Divergence 
Measurements 

Results  from  closure  measurements  in  Figure  4.36 
indicate  the  upward  movement  of  the  liner  as  a  "solid  body" 
since  all  these  vertical  displacements  vary  within  a  narrow 
range  (from  1.58  to  3.60mm)  and  most  of  the  nodes  (A  to  E) 
had  horizontal  movements  of  less  than  1mm. 

The  author  is  sceptical  about  the  results  of  the  liner 
movements  basicly  due  to  two  reasons.  First,  the  zero 
readings  were  taken  within  the  region  where  the  lining 
movements  are  basicly  governed  by  the  mole,  and  second,  the 
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number  of  readings  was  small.  It  seems,  then,  very  difficult 
to  be  sure  whether  the  displacements  shown  in  Fig  4.36  are 
caused  by  ground  action  or  by  the  mole  action. 

The  valuable  item  of  information  arising  from  the 
monitoring  of  the  liner  deformation  is  its  symmetrical 
behaviour  with  respect  to  the  vertical  line  passing  through 
the  center  of  the  tunnel  and  the  small  magnitude  of 
displacements  which  is  in  agreement  with  the  low  normal 
loads  measured  in  the  load  cells. 

The  small  amount  of  distortion  that  occurred  in  the 
lining  might  be  an  indication  that  the  ratio  between 
vertical  and  horizontal  ground  stresses  by  the  time  the 
lining  was  installed  was  very  close  to  one  (K  =  1). 

Further  discussions  will  be  offered  in  the  next 
Section,  4.5.4. 

4.5.4  General  Discussion  of  the  Lining  Behaviour 

The  data  presented  in  Tables  4.2  and  4.3  were  assembled 
in  Table  4.4  to  enable  the  study  of  the  interaction  between 
steel  ribs  and  lagging  to  be  made.  In  this  table,  loads 
obtained  from  the  pieces  of  lagging  located  between  the  two 
lower  joints  were  considered  as  acting  on  the  invert  and 
those  located  between  the  upper  and  lower  joints  were 
considered  as  acting  on  the  spring  line. 

The  average  values  of  Pcrown  (stress  at  the  crown) 
Pspringline  and  P invert  were  plotted  for  each  of  these  three 
positions  for  both  the  steel  lagging  and  load  cell  data,  in 
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Figure  4.37.  In  this  figure,  the  numbers  are  only 
approximate  and  were  plotted  simply  to  elucidate  an 
understanding  of  the  lining  behaviour. 

The  decision  to  plot  average  values  of  load 
distribution  was  made  because  these,  when  evaluated  from 
load  cell  reflect  the  average  of  all  loads  acting  along  the 
steel  ribs  and  the  lagging,  while  the  load  distribution 
obtained  from  the  steel  lagging  do  not  reflect  the  lining 
behaviour  as  a  whole.  The  results  plotted  on  this  figure 
consistently  show  that  loads  carried  by  the  steel  ribs  are 
higher  than  those  carried  by  the  neighbouring  timber 
lagging.  The  opposite  could  be  only  possible  if  the  lagging 
had  a  self  supporting  capacity,  acting  as  a  perfectly 
flexible  lining.  This  does  not  happen  due  to  the  existence 
of  the  end  plates  welded  to  the  steel  ribs;  all  the  radial 
loads  carried  by  the  lagging  is  transmitted  to  the  ribs 
through  the  end  plates. 

Another  factor  affecting  the  load  distribution  along 
the  tunnel  liner  is  the  construction  method.  One  of  the 
steps  of  the  lining  installation  procedure  is  the  rib 
expansion  where  the  jacks,  through  the  rib  expansion  ring, 
push  the  rib  towards  the  soil,  in  order  to  minimize  the 
ground  loss  around  the  lining.  Since  the  expansion  happens 
on  the  ribs,  and  these  are  projected  1.3cm  outwards  with 
respect  to  the  lagging,  the  difference  in  the  load  carried 
is  clearly  understandable. 
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The  magnitude  of  the  difference  in  load  supported  by 
the  components  of  the  primary  lining  can  be  roughly 
expressed  by  the  average  ring  load  values  presented  in  the 
last  two  columns  of  Table  4.4.  They  show  that  ribs  carry 
loads  from  85  to  213%  higher  than  those  carried  by  the 
lagging.  It  is  of  major  interest  to  compare  the  pressure  on 
lining  obtained  in  this  study  with  those  presented  by 
E 1 -Nahhas ( 1 980 )  (Table  4.5).  For  the  LRT  Extension  tunnel 
currently  being  studied,  the  height  of  soil  carried  by  the 
steel  ribs  varies  from  2.12m  to  2.81m  (obtained  from  average 
"ring  loads"  in  Table  4.4)  as  compared  to  the  4.71m  obtained 
from  the  north-eastern  tunnel  of  the  LRT.  The  difference  in 
load  supported  by  the  two  LRT  tunnels  might  be  due  to  a 
greater  self  support  capacity  of  the  ground  surrounding  the 
tunnel  of  the  LRT  South-Extension.  Another  reason  for  this 
difference  might  be  due  to  the  different  methods  utilized  to 
measure  normal  loads  in  both  tunnels.  In  the  north-eastern 
tunnel,  loads  were  measured  with  strain  gauges  attached  to 
the  ribs  and  these  seem  to  have  been  affected  by  the  advance 
of  the  mole. 

The  ratio  (n)  of  height  of  soil  carried  by  the  lining 
to  the  tunnel  diameter  varies  from  0.34  to  0.45  as  opposed 
to  the  values  presented  in  Table  4.5  where  n  varies  from  0.8 
to  1.09. 

The  great  disadvantages  of  the  comparison  based  on 
ratios  such  as  n  are  that  it  does  not  take  into  account  the 
construction  effects  that  certainly  have  a  major  role  in  the 
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lining  and  ground  behaviour,  nor  does  it  take  into  account 
local  changes  in  stratigraphy. 


4.6  Summary  and  Conclusions 

In  this  chapter,  the  techniques  most  commonly  used  in 
the  measurement  of  lining  loads  and  displacements  have  been 
reviewed.  Details  concerning  the  installation,  measurement 
procedures  and  design  of  the  instruments  used  to  monitor 
loads  and  displacements  in  the  LRT  South-Extension  tunnel 
liner  have  been  presented. 

From  the  analysis  of  the  field  data,  the  following  have 
been  concluded: 

-  Load  cells  yielded  the  best  results; 

-  Loads  at  the  crown  varied  from  9  to  26%  of  the 
overburden; 

-  Load  cell  measurements  indicated  that  the  shear 
developed  along  the  ribs,  acting  downwards,  are 
of  comparable  magnitude  to  the  ring  stresses 
which  indicates  that  the  tunnel  behaves  as  a 
shallow  tunnel; 

-  Steel  lagging  picked  up  loads  lower  than  those 
carried  by  the  ribs,  indicating  arching  between 
ribs.  These  loads  were  always  less  than  33%  of 
overburden  which  made  possible  an  increase  of 
rib  spacing  in  the  continuation  of  the  tunnel 
construction ; 
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Loads  measured  in  the  load  cells  increased 
roughly  with  the  logarithm  of  time; 

Lining  displacements  measurements  indicated  a 
general  upward  movement  of  the  liner  with  very 
small  distortion  of  the  steel  ribs; 

The  ratio  of  the  height  of  soil  carried  by  the 
lining  to  the  tunnel  diameter  was  found  to  vary 
from  0.34  to  0.45  which  is  lower  than  the  values 
measured  for  other  tunnels. 

The  load  distribution  acting  on  the  lining  is 
strongly  affected  by  the  construction  method. 


5.  SOIL-STRUCTURE  INTERACTION  AT  TUNNELS 


5.1  Introduction 

The  transfer  of  loads  from  the  excavated  ground  to  the 
tunnel  lining  ( Soi 1 -Structure  Interaction)  depends  on  the 
construction  method  and  ground  and  lining  deformation  and 
strength  properties.  The  tunnel  design  methods  endeavour  to 
predict  the  Soi 1 -Structure  Interaction.  The  many  existing 
lining  design  methods  may  be  divided  in  three  classes: 

-  Analytical  Methods: 

-  Finite  Element  Method 

-  Closed  Form  Solutions 

-  Subgrade  Reaction  Theory 

-  Convergence-Confinement  Method 

-  Empirical  Methods: 

-  Hewett  and  Johannesson  (1922) 

-  Peck  et  al  ( 1972 ) 

-  Design  Specifications 

-  Observational  Methods 

El-Nahhas  (1980)  provided  a  complete  summary  of  some  of 
the  currently  used  design  methods.  Sophisticated  methods, 
such  as  the  finite  element  methods,  require  appropriate 
input  information  in  order  to  reproduce  properly  the  ground 
support  interaction.  In  most  cases  appropriate  information 
concernig  construction  details  is  not  available  and  cannot 
be  easily  predicted. 


209 


' 


. 


210 


Empirical  Methods,  on  the  other  hand,  do  not  require 
accurate  input  information  rather  they  are  based  on  easily 
measured  ground  properties,  qualitative  geological 
description  and  local  experience.  Usually,  the  lack  of  more 
accurate  input  information  in  Empirical  Methods  results  in 
substantial  and  indeterminable  amount  of  overdesign.  The 
drawbacks  associated  with  Analytical  and  Empirical  Methods 
are  avoided  in  the  Observational  Method.  In  the 
Observational  Method,  the  information  obtained  in  the  early 
stages  of  the  tunnel  construction  is  the  input  for  the 
modifications  of  the  design  of  sections  constructed 
subsequently.  This  " learn-as-you-go"  method  is  discussed  in 
the  Ninth  Rankine  Lecture  presented  by  Peck  (1969-a). 

The  interaction  between  the  liner  and  the  surrounding 
ground  has  been  the  subject  of  several  recent  studies 
because  its  understanding  certainly  leads  to  improved  tunnel 
designs . 

The  finite  element  methods,  closed  form  solutions  and 
the  convergence-confinement  curves  have  played  an  important 
role  in  enlightening  the  complex  soi 1 -structure  interaction 
in  tunnels.  Closed  Form  Folutions  and  Characteristic  Lines 
Method  (Convergence  Confinement  Method)  are  referred  to  in 
this  chapter  as  "Simple  Solutions". 

The  simple  solutions  are  not  only  helpful  in 
understanding  the  interaction  problems  related  to  tunneling 
but  also  permit  the  designer  to  rapidly  investigate  a  range 
of  possible  support  alternatives.  According  to  Muir  Wood 
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( 1975)  : 

"A  special  virtue  of  the  simple  method  is  that  it 
serves  quickly  to  indicate  sensitivity  of  the 
solution  across  the  range  of  the  possible  ground 
parameters . " 

The  use  of  the  available  simple  solutions  in  the 
soi 1 -structure  analysis  of  shallow  tunnels  is  questionable 
and  is  the  main  purpose  of  the  discussion  of  this  chapter. 
Closed  Form  Solutions  and  the  Convergence- Conf inement  Method 
(C.C.  Method)  are  also  discussed  comprehensively  in  this 
chapter . 

The  applicability  of  Simple  Solutions  to  shallow 
tunnels  is  discussed  on  the  basis  of  the  data  obtained  from 
three  tunnels  constructed  in  Edmonton.  The  detailed 
description  of  the  three  tunnels  is  given  in  Section  5.4. 


5.2  Closed  Form  Solutions 

5.2.1  Deep  Tunnels 

The  analysis  of  stresses  and  strains  around  ground 
openings  based  on  continuum  mechanics  have  improved 
significantly  in  the  last  decade.  The  elastic  solutions  were 
limited  to  un lined  openings  prior  to  the  work  of  Burns  and 
R i chard  ( 1 964 ) . 

Burns  and  Richard  (opt.  cit.)  introduced  the  lining  in 
the  conventional  analysis  and  through  the  extensional  shell 
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theory  and  derivations  of  the  Airy's  stress  function, 
derived  the  stresses  and  displacements  in  both  the  soil  and 
lining.  The  assumptions  made  to  develop  Burns  and  Richard 
(opt.  cit)  equations  were: 

1.  Two  dimensional  problem 

2.  Both  the  lining  and  soil  behave  elastically 

3.  Gravity  forces  are  ignored  and  soil  is  loaded 
symmetrically,  with  respect  to  both  the  horizontal  and 
vertical  axes,  at  surfaces  considered  as  infinite  (deep 
tunnel  with  external  loading) 

4.  The  lining  is  placed  before  the  excavation  takes  place 
and  before  the  medium  is  unstressed 

5.  The  lining  is  a  cylinder  with  constant  thickness  and 
constant  elastic  properties. 

Burns  and  Richard  defined  two  new  coefficients:  the 
compressibility  and  the  flexibility  ratios.  The 
compressibility  ratio  is  defined  as  the  extensional 
stiffness  of  the  medium  relative  to  that  of  the  liner, 
whereas  the  flexibility  ratio  is  a  measure  of  the  flexural 
stiffness  of  the  medium  relative  to  that  of  the  liner. 

The  extensional  stiffness  is  the  uniform  all  around 
pressure,  applied  to  a  circular  portion  of  the  soil  with  the 
same  diameter  as  the  tunnel  liner,  or  the  uniform  pressure 
applied  to  the  lining,  necessary  to  cause  a  unit  diametral 
strain . 

The  flexural  stiffness  is  the  pressure  applied  to  a 
circular  portion  of  the  soil  with  the  same  diameter  as  the 
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tunnel  liner  or  the  pressure  applied  to  the  tunnel  liner, 
under  a  state  of  pure  shear,  necessary  to  cause  a  unit 
diametral  strain. 

The  coefficients  defined  above  are  extremely  useful  in 
the  study  of  deep  tunnels  because  .  every  in-si tu  stress 
symmetric  to  the  horizontal  and  vertical  axis  of  the  tunnel 
can  be  divided  into  uniform  all  around  pressure  and  a  state 
of  pure  shear  pressure  distribution  (Fig.  5.1). 

A  detailed  derivation  of  the  two  ratios  described  above 
is  given  in  Peck  et  al.  (1972)  who  examined  the  effects  of 
the  lining  flexibility  and  compressibility  on  forces  and 
deformation  in  tunnel  liners  erected  in  soft  ground.  As  the 
closed  form  solutions  were  limited  to  deep  buried  cylinders, 
the  effects  of  the  depth  of  cover  above  the  tunnel  crown 
were  studied  on  the  basis  of  elastic  finite  element 
solutions . 

Peck  et  al  (opt.  cit.)  found  that  the  closed  form 
solutions  proposed  by  Burns  and  Richard,  developed  for  deep 
tunnels,  could  be  applied  to  the  study  of  tunnels  with  a 
depth  of  cover  (distance  between  the  crown  and  the  surface) 
greater  than  1.5  times  the  tunnel  diameter. 

Mohraz  et  al  (1975)  with  a  series  of  elastic  finite 
element  solutions,  investigated  the  effects  of  different 
lining  loading  conditions  on  the  lining  thrusts  and 
deformations  evaluated  by  the  closed  form  solutions  derived 
by  Burns  and  Richard.  This  study  was  necessary  since  Burns 
and  Richard's  solutions  assumed  an  external  loading  of  the 
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Figure  5.1  FIELD  STRESSES  IN  BURNS  AND  RICHARD'S  CLOSED  FORM 
SOLUTION 
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lining  which  did  not  simulate  the  actual  lining  loading 
condition  during  the  tunnel  construction. 

Mohraz  et  al  concluded  that  the  loading  condition 
affects  the  thrust  and  lining  deformation  to  a  significant 
degree  whereas  transverse  shear  (along  the  soi 1 -structure 
interface)  and  the  bending  moments  are  less  affected. 

Also  in  1975,  Muir  Wood  published  another  closed  form 
solution  for  deep  lined  tunnels  in  which  the  unloading  due 
to  excavation  was  taken  into  account  and  the  ground  water 
seepage  towards  the  tunnel  was  analysed. 

In  the  report  by  Muir  Wood,  the  previous  closed  form 
solution  proposed  by  Morgan  (1961)  was  corrected.  Morgan's 
derivation  assumed  the  sum  of  the  tangential  and  radial 
stresses  (  (Te  and  (Tr  )  constant  throughout  the  soil  mass.  This 
assumption  does  not  reflect  the  plane  strain  condition  where 
the  strains  in  the  direction  parallel  to  the  tunnel  axis  are 
considered  equal  to  zero.  For  the  plane  strain  case  the  sum 
of  the  radial  and  tangential  stresses  is  given  by  the 
equation 


where  (j^  is  the  principal  stress  acting  in  the  direction 
parallel  to  the  tunnel  axis  and  ^  is  the  Poisson's  Ratio  of 
the  medium. 

Muir  Wood's  solution  ignored  the  effect  of  the  in-si tu 
shear  stresses  at  the  ground-support  interface.  These  shear 
stresses  were  taken  into  account  in  Curtis'  derivation 
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(1976).  Curtis  extended  the  closed  form  solutions  for  deep 
lined  tunnels  to  include  the  parameter  of  time  in  the 
context  of  visco-elastic  behaviour  of  the  ground. 

In  1979  Einstein  and  Schwartz  proposed  another 

derivation  for  the  ground- liner  interaction  problem.  They 

stated  that  despite  the  fact  that  Curtis'  solution  took  into 
account  the  in-si tu  shear  stresses  at  the  ground -support 
interface,  neglected  by  Muir  Wood,  it  still  was  not 
completely  correct.  Curtis'  derivation  assumed  that  the 
liner  was  inextensible  for  the  state  of  pure  shear  loading 
(the  loads  on  the  lining  were  assumed  to  be  the  sum  of  two 
components:  uniform  compression  and  state  of  pure  shear 

loading).  The  final  equations  derived  by  Einstein  and 

Schwartz  are  presented  in  Figures  5.2  and  5.3  for  the 
full -si  ip  and  no-slip  cases,  respectively. 

Einstein  and  Schwartz  (1980),  based  on  parametric 
studies,  drew  the  following  conclusions  concerning  the 

sensitivity  of  the  thrusts  and  moments  relative  to  the 
variation  in  the  lining  and  soil  properties  (the  terms  are 
defined  in  Figure  5.2): 

1.  T/PR  is  strongly  dependent  on  C*  only  within  the  range 

0.05  <  C*  <  50.0  and  is  relatively  insensitive  to 

variations  of  F*. 

2.  M/PR2  is  near  zero  for  F*  >  100  and  is  insensitive  to 
variations  of  C* . 

For  excavation  unloading  conditions,  both  T/PR  and 
M/PR2  are  insensitive  to  variations  in  Poisson's  Ratio 
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Figure  5.2  FULL  SLIP  CASE  -  EINSTEIN  AND  SCHWARTZ,  1979-1980 
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FIG.  5.2 
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Figure  5.3  NO-SLIP  CASE  -  EINSTEIN  AND  SCHWARTZ, 


1979-1980 
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of  the  ground. 

4.  T/PR  and  M/PR2  vary  linearly  with  K. 

5.  the  difference  between  the  support  forces  calculated 
from  the  full -si  ip  and  no-slip  solution  are  small. 
Einstein  and  Schwartz  (opt.  cit.),  with  the  aid  of  the 

finite  element  method,  introduced  correction  factors  to  the 
lining  thrusts  and  moments  calculated  by  the  proposed  closed 
form  solutions.  Correction  factors  were  introduced  in  order 
to  take  into  account  the  spatial  lag,  or  delay  of  support 
and  the  yielding  in  the  ground  mass  surrounding  the  tunnel. 
The  correction  factors  are 
Ad  =  support  delay  factor 
Ay  =  ground  yielding  factor 
The  final  lining  thrusts  and  moments  are: 

Tf  =  T.  A  d .  Ay  5.2 

Mf  =  M.  Ad.  Ay  5.3 


where  Ad  =  0.98  -  0.57  ( L  d  /  R)  5.4 

Ld  =  distance  between  the  support  and  the  face  of  the 
tunnel  (unsupported  span) 

R  =  tunnel  radius 

Ay  is  presented  in  the  form  of  graphs  and  tables  in 
Einstein  and  Schwartz  (1980)  as  a  function  of 
the  in-situ  stress  level,  in  situ  stress  ratio 
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(K),  the  soil  strength  properties  and 

5.2.2  Shallow  Tunnels 

The  existing  definitions  of  shallow  tunnels  are 

presented  in  Chapter  4,  Section  4.5.1. 

The  available  closed  form  solutions  for  shallow  tunnels 
are  restricted  to  unlined  tunnels.  Mindlin  (1940)  presented 
a  solution  in  which  Gravity  Loading  ,  as  opposed  to  External 
Loading,  was  taken  into  account.  In  the  Gravity  Loading  case 
the  soil  mass  has  self  weight  whereas  in  the  External 
Loading  case  the  soils  mass  is  weightless.  Mindlin 
calculated  strains  and  stresses  around  openings  in  an 
elastic  medium  under  plane  strain  conditions  with  the  help 
of  bi-polar  coordinates  which  simplified  the  solution. 

In  Mindlin' s  derivation,  the  effects  of  the  proximity 
of  the  tunnel  to  the  surface  on  the  stress  distribution  in 
the  surrounding  ground  mass  is  expressed  by  the  difference 
between  the  weight  of  the  excavated  soil  and  the  in-si tu 
stresses  at  level  of  the  tunnel  centreline.  In  Mindlin's 
derivation,  the  following  equation  is  presented: 

[(T*  =  -  2CW-  R,w  -LlAi-  cosV  •  5-5 

V  tixaL‘  2  2  - 1  ^ 

where  [  (Tp]uu-  tangential  stresses  at  the  tunnel  wall 

(un lined  tunnel) 

c  =  the  depth  of  the  centre  of  the  tunnel 
w  =  the  unit  weight  of  the  soil  (elastic) 
f?2=  the  tunnel  radius 


•  »nbnfi  .tAiUiiiQre*  a-at  e  ^13  9**o  jsoJ 
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>)  =  Poisson's  Ratio 

V  =  the  angle  between  the  radius  from  the  center 
of  tunnel  and  the  normal  to  the  straight 

boundary  (surface). 

The  second  term  from  this  equation  arises  from  the 
weight  of  the  material  removed  from  the  opening  and  the 
first  term  is  the  stress  concentration  effect. 

Before  excavation,  the  tangential  stresses  at  the 

tunnel  wall  at  a  distance  c  below  surface  is  -cw,  so  that 
the  term  -2cw  reveals  a  predicted  stress  concentration 
factor  of  2. 

The  second  term  of  the  equation  is  small  in  comparison 
with  the  first  if  R2is  small  in  comparison  to  c. 

The  conclusion  mentioned  above  can  be  verified  in 
Figure  5.4  where  values  of  normalized  tangential  stresses  in 
the  crown  and  invert  are  plotted  versus  the  normalized  depth 
of  the  tunnel.  In  this  figure,  when  values  of  tangential 
stresses  tend  to  be  twice  the  field  stress  (w.c)  the  tunnel 
is  said  to  be  deep.  To  illustrate,  the  depth  ratio  c/R2  = 
3.8  (11.3/3.1)  of  the  LRT  tunnel,  in  Edmonton,  is  indicated 

in  Fig  5.4.  It  might  be  concluded  that,  according  to 

Mindlin's  derivation,  the  tunnel  is  at  the  boundary  between 
a  deep  and  shallow  opening. 

It  is  interesting  to  note  that,  according  to  Peck  et  al 
(1972)  ,  the  closed  form  solutions  developed  for  deep  lined 

tunnels  are  applicable  to  depth  ratios  (c/R2)  greater  than  4 
which  is  approximately  the  same  value  found  by  Mindlin's 
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solution  for  un lined  tunnels  (Fig  5.4) 
The  role  of  Simple  Solutions 
discussed  in  the  introduction  of  this 
lack  of  simple  solutions  for  shallow 
gap  in  the  available  tools  that 
investigation  of  alternative  solutions 


in  tunnel  design  is 
chapter.  However,  the 
lined  tunnels  leaves  a 
help  in  the  rapid 


5.3  The  Convergence  Confinement  Method  (Characteristic  Lines 
Method) 

The  Convergence-Confinement  Method  is  a  method  in  which 
the  ground  structure  interaction  is  analysed  by  an 
independent  study  of  the  behaviour  of  the  ground  and  the 
structure . 

The  Convergence -Confinement  Method,  therefore,  requires 
an  understanding  of  the  behaviour  of  the  ground  surrounding 
the  opening  in  order  to  find  the  soil  convergence  in  terms 
of  the  applied  confining  pressure  and  an  understanding  of 
the  lining  behaviour  to  find  the  confining  pressure  acting 
on  the  lining,  in  terms  of  deformation. 

The  idealization  of  the  ground- support  interaction  by 
the  two  Characteristic  Curves  mentioned  above  is  valid  only 
for  the  symmetrical  cylindrical  model  in  which,  irrespective 
of  the  lining  and  ground  mechanical  properties  (E,^  ),  the 
soil  and  support  present  the  same  radial  mode  of 
deformation . 


. 
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5.3.1  The  Convergence  Curve  for  the  Ground  Surrounding  the 
Opening  (Ground  Reaction  Curve) 

The  determination  of  the  convergence  curve  (or  Ground 
Reaction  Curve)  requires  an  understanding  of  the  ground 
behaviour.  For  a  homogeneous,  isotropic  and  continuous 
ground  mass,  the  parameters  that  reflect  the  ground 
behaviour  can  be  separated  into  three  categories: 

a)  elastic  characteristics  (  E  ,  \)  ) 

b)  shear  strength  characteristics  (  c  ,  vp  ) 

c)  parameters  representing  the  soil  behaviour 
after  maximum  strength  is  fully  mobilized 
(sensitivity  and  dilation) 

A  Knowledge  of  the  soil  properties  mentioned  above 
allows  the  development  of  closed  form  solutions  for  un lined 
openings.  The  closed  form  solutions  developed  for  the 
hydrostatic  stress  field  and  for  the  case  where  the  loaded 
boundaries  can  be  considered  at  infinity  are  of  major 
interest  in  the  study  of  Ground  Reaction  Curves.  In  the  case 
of  the  hydrostatic  stress  field,  the  problem  can  be  modelled 
by  a  thick  walled  hollow  cylinder.  Kaiser  (1980)  and  Panet 
(1976)  presented  the  derivation  of  a  closed  form  solution 
that  yields  the  Ground  Reaction  Curve  of  an  opening 
excavated  in  a  material  that  is  assumed  to  be  linear 
elastic,  br i t t le-perfect ly  plastic,  with  yield  surfaces 
described  by  the  Coulomb  failure  criterion: 

(Tj  =  mG^  +  s(£  or 
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(Te  =  m(Tr  +  sdj 


5.6 


where 

0^ ,  (J3  =  principal  stresses 

Gc  =  unconfined  compressive  strength 
s  =  strength  ratio:  (Tc  ultimate/ peak 
m  =  tan2(45°  ♦  V/2) 

-  soil  friction  angle 

C£,(Tr  =  tangential  and  radial  stresses  (also  principal 
stresses  for  k=1) 

By  imposing  the  continuity  of  radial  stresses  at  the 
boundary  between  the  elastic  and  plastic  zone,  the  radius  of 
the  plastic  zone  can  be  evaluated  as: 


R 


a 


1 

( m  - 1 )  ( 1  -Ac )  CTo  ♦  s  (Tc 
( m -  1 )  (1  -As) (To  ♦  s(Tc 


5.7 


where:  R,a  = 

(T.  (1-\)  = 
As  = 
Ae  = 


radius  of  the  plastic  zone  and  opening 

respectively 

support  pressure 


support  pressure  coefficient 

1  r  .  (Tc  1 


1  *  m 


m  -  1 


5.8 


As  =Ae  ifG^  at  r  =  a  is  equal  to  (Tc 
O’,  =  in  situ  field  stress. 

The  normalized  radial  tunnel  wall  displacement  is  given  by 

the  equation :  e„p 

ur  Ae 

1 


2(7-) 
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0  (J“  r 

where  ur  =y^  is  the  tunnel  wall  displacement  under 

condition  of  elastic  material  behaviour 

e  +  p 

ur  :  is  the  tunnel  wall  displacement  under 
condition  of  elastic-plastic  material 
behaviour 

cxf  :  is  a  parameter  that  measures  soil  dilation 
during  plastic  flow  +</££) 

=1  when  no  dilation  takes  place 
=m  for  flow  associated  with  the  Coulomb 
fai lure  cri ter  ion 
1  < <  m  for  non- associated  flow. 

The  combination  of  equations  5.6  to  5.9  enables  the 
determination  of  the  pressure  applied  to  the  walls  of  the 
opening  as  a  function  of  the  wall  displacement. 

The  influence  of  friction  angle,  cohesion,  sensitivity, 
time  dependent  behaviour  and  stress  history  on  the  Ground 
Reaction  Curve  have  been  reported  by  Lombardi  (1970),  Daemen 
and  Fairhurst  (1970  and  1972),  Ladanyi  (1974)  and  Kaiser 
(  1980)  . 

5.3.2  The  Confinement  Curve  for  the  Support  (Support 

Reaction  Curve) 

The  Confinement  Curve  of  a  cylindrical  support  loaded 
by  a  uniform  radial  pressure  (  ps  )  is  defined  by  the 
relationship  between  and  the  corresponding  radial 
displacement  (  ur  )  given  in  Fig  5.5.  The  support  parameters 
such  as  elastic  properties,  load  capacity,  behaviour  after 
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SUPPORT  REACTION  CURVE  (SRC) 
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failure  and  the  displacements  that  occured  before  the  lining 
erection  are  necessary  for  the  determination  of  the  Support 
Reaction  Curve. 

The  support  stiffness  (Ks)  is  defined  as  the  uniform 
all  around  pressure  required  to  cause  unit  diametral  strain 
on  the  lining.  Support  stiffnesses  for  different  liners  such 
as  concrete  or  shotcrete,  block  steel  sets,  rock  bolts  or 
cables  are  presented  by  Kaiser  (1981).  Lombardi  (1970)  also 
presents  a  variety  of  Support  Reaction  Curves.  Hoek  and 
Brown  (1981)  present  the  calculated  maximum  support 
pressures  for  various  support  systems.  The  study  of  combined 
support  systems  can  be  carried  out  with  the  models  presented 
in  Fig  5.5. 

5.3.3  Determination  of  the  Support  Pressure  and  Ground 
Displacement  at  the  Soi 1 -Structure  Interface 

The  solution  for  the  soi 1 -structure  interaction  is 
given  by  the  intersection  of  the  two  curves  GRC  and  SRC  (Fig 
5.6).  The  simple  solution  of  the  complex  ground-support 
interaction  provided  by  the  Characteristic  Lines  Method  has 
several  limitations  associated  with  it. 

The  limitations  of  the  Characteristic  Lines  Method  were 
comprehensively  discussed  by  Kerisel.J.;  Duddeck.H.; 
Lombardi, G. ;  Fairhurst,C.  and  Daemen , J . J . K .  during  the 
Conference  on  "Analysis  of  Tunnel  Stability  by  the 
Convergence-Conf inement  Method"  held  in  Paris,  1978.  The 
most  significant  limitations  of  this  method  are  briefly 
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Figure  5.6  SOLUTION  FOR  THE  SOIL-STRUCTURE  INTERACTION  BY 
THE  CONVERGENCE-CONFINEMENT  METHOD 
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discussed  here.  The  Convergence-Confinement  Method  is 
limited  to: 

a)  Cylindrical,  or  nearly  cylindrical,  opening 
and  support 

b)  Support  with  constant  mechanical  and  geometric 
properties  ( E ,  A ,  0  ,  I ) 

c)  Homogeneous,  isotropic  and  continuous  ground 

d)  Uniform  state  of  stresses  (  Gj_j  =  G"y  ) :  closed 
form  solutions  for  studies  of  non-elastic 
ground  masses  are  restricted  to  stress  field 
ratio  equal  to  one  (K=1) 

e)  Uniform  radial  mode  of  deformation:  as  already 
noted  in  this  chapter,  the  independent  study 
of  the  ground  and  support  is  not  possible  for 
stress  field  ratios  different  than  unity.  This 
restriction  limits  the  use  of  the 
Characteristic  Lines  Method  to  deep  tunnels 
because  shallow  tunnels  are  often  subjected  to 
bending.  This  factor  is  not  taken  into  account 
in  the  uniform  radial  mode  of  deformation 

f)  Time  dependent  soil  behaviour:  Fairhurst  and 
Daemen  (1972)  present  a  qualitative  discussion 
of  the  influence  of  the  time  dependent 
behaviour  of  rocks  on  the  Ground  Reaction 
Curve . 

g)  Gravity:  the  closed  form  solutions  developed 
for  the  "hollow  cylinder  case"  ignore  the 


231 


effects  of  gravity  around  the  tunnel.  The 
effects  of  gravity  limit  the  Characteristic 
Lines  Method  to  a  greater  degree  when  a 
"decompressed  zone"  develops  to  a  significant 
extent  around  the  opening  and  forms  an 
unstable  area  in  the  crown. 

The  weight  of  the  decompressed  zone  above  the 
crown  is  an  additional  load  not  taken  into 
account  in  the  Convergence -Confinement  Method. 
Kerisel  in  the  Conference  on 

Convergence- Con f inement  Method  held  in  Paris 
proposed  a  method  that  takes  the  gravity  loads 
into  account.  It  is  a  method  based  on 
experiments  on  mini -tunnels  and  on  the 
formulas  for  plastic  equilibrium  around  a 
tunnel.  The  method  enables  a  designer  to 
calculate  the  gravity  loads  or  "dead  loads"  as 
a  function  of  the  tunnel  diameter,  the  soil 
unit  weight  and  the  distance  between  the 
support  and  face  of  the  tunnel 
h)  Two  dimensional  behaviour  of  the  system: 
Characteristic  Curves  are  limited  to  plane 
strain/plane  stress  conditions.  This  is  a 
significant  limitation  of  the  C.-C.  Method 
since  the  face  effects  on  the  ground  and 
lining  behaviour  are  of  utmost  importance. 
Egger  (1978)  proposed  a  simple  method  to  take 
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into  account  the  face  effects  on  excavation: 
the  face  is  analytically  modelled  by  a 
spherical  face. 

Lombardi  (1970)  proposed  the  simulation  of  the 
face  by  the  sequential  excavation  of  a  core 
that  has  the  tunnel  diameter  and  length  of  one 
tunnel  diameter.  As  the  core  is  excavated,  its 
load  carrying  capacity  decreases  and  its  wall 
displacements  can  be  evaluated.  The  accuracy 
of  the  evaluation  of  the  displacements  that 
take  place  before  the  lining  installation 
directly  affects  the  accuracy  of  the 
prediction  of  loads  and  displacements  by  the 
Convergence- Con f inement  Method.  Extensive 
finite  element  analyses  have  been  carried  out 
in  order  to  study  the  three  dimensional 
effects  on  tunnel  design  (Ranken  and  Ghaboussi 
(1975),  Einstein  and  Schwartz  (1980)). 

5.3.4  Advantages  of  the  Convergence -Con f inement  Method 

The  simplicity  of  the  Convergence -Confinement  Method  is 
its  major  advantage.  With  the  aid  of  only  two  curves,  G.R.C. 
and  S.R.C.,  the  C.-C.  Method  provides  a  clear  understanding 
and  explanation  of  the  process  of  tunnel  construction. 

The  transfer  of  stresses  from  the  ground  to  the  lining, 
the  effects  of  the  delayed  lining  placement  and  concepts 
such  as  stand  up  time  and  many  others  are  represented  with 
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ease  by  the  C.-C.  Method  whereas  other  simple  solutions, 
such  as  Closed  Form  Solutions,  are  limited  to  yield  a 
"frozen  picture"  of  strains  and  stresses  within  the  ground 
and  lining  at  the  equilibrium  condition. 

The  C.-C.  Method  is  of  enormous  utility  in 
complementing  the  tunnel  design  but  may,  however,  not  be 
suitable  for  direct  design  procedures  due  to  the  reasons 
discussed  in  this  section. 

5.4  Application  of  Simple  Solutions  to  Tunnels  Driven  in 
Edmonton  Till 

In  this  section,  the  lining  loads  and  displacements 
obtained  from  three  tunnels  driven  in  Edmonton  till  are 
compared  to  the  loads  and  displacements  calculated  by  the 
Simple  Solutions  described  in  the  last  two  sections. 

The  three  tunnels  discussed  in  this  section  are: 

LRT-  North-East  line,  north  tunnel  (LRT-NE  tunnel) 

LRT-  South  Extension,  north  tunnel  (LRT-SE  tunnel) 

Experimental  tunnel  (EXP  tunnel) 

The  studies  related  to  the  LRT-NE  tunnel  are  reported 
by  Eisenstein  et  al  (1977),  and  Eisentein  and  Thomson 
(1978).  In  the  LRT-NE  tunnel,  surface  settlements  and 
stresses  in  the  lining  were  measured.  The  LRT-SE  tunnel  is 
described  in  Chapters  2  to  4  in  this  thesis.  The  two  tunnels 
mentioned  above  were  constructed  under  very  similar 
conditions.  The  only  difference  between  the  two  LRT  tunnels, 
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despite  minor  local  soil  heterogeneities,  is  the  size  of  the 
spacers  installed  in  the  two  upper  joints  of  the  primary 
lining.  The  LRT-NE  tunnel  had  spacers  10.2  cm  long  whereas 
in  the  LRT-SE  the  spacers  were  15.2  cm  long.  The  EXP- tunnel 
was  comprehensively  analysed  by  El-Nahhas  (1980).  It  is  a 
small  diameter  tunnel  (D=2.56m)  driven  at  a  depth  of  27 
meters  in  the  lower  Edmonton  till.  Although  the  behaviour  of 
two  different  types  of  lining  (rib  and  lagging  and  precast 
concrete  segments)  were  monitored  in  the  EXP  tunnel,  only 
measurements  from  the  rib  and  lagging  system  were  related  to 
the  present  study. 

The  lining  and  ground  parameters,  related  to  the  three 
tunnels  ,  used  throughout  the  calculations  carried  out  in 
this  section  are  presented  in  Table  5.1. 

The  three  tunnels  studied  in  this  section  were 
constructed  under  very  similar  conditions.  The  construction 
method  and  lining  system  is  the  same  for  the  three  tunnels. 

The  differences  in  strength  and  stiffness  between  the 
lower  till,  where  the  EXP  tunnel  was  excavated,  and  the 
upper  till,  where  the  LRT  tunnels  were  excavated  are 
considered  not  to  significantly  alter  the  analysis  carried 
out  throughout  this  section. 

The  difference  in  the  depth  ratio  (depth  of  the  center 
of  the  tunnel  /  tunnel  diameter)  of  the  LRT  tunnels  and  the 
EXP  tunnel  is  important  in  the  analysis  of  the  validity  of 
the  application  of  "Simple  Solutions"  in  the  analysis  of 
shallow  tunnels.  The  EXP  tunnel  has  a  depth  ratio  of  10.56, 
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and  will  be  dealt  with  as  a  deep  tunnel,  whereas  the  LRT 
tunnels  have  a  depth  ratio  of  1.90,  and  will  be  dealt  with 
as  shallow  tunnels. 


5.4.1  Analysis  of  the  Results  Obtained  from  Closed  Form 
Solut ions 

The  discussion  presented  in  section  5.2  of  this  chapter 
showed  the  limitations  of  the  available  closed  form 
solutions  for  deep  lined  tunnels.  The  solution  proposed  by 
Einstein  and  Schwartz  (1979  and  1980)  was  chosen  for  this 
section.  The  assumptions  involved  in  the  derivation  of  this 
solution  are  summar ized  as : 

-  Plane  strain  condition 

-  Elastic  behaviour  of  the  ground  and  support 

-  Lining  with  constant  cross  section  and  constant 
mechanical  properties 

-  Soil  is  isotropic  and  homogeneous 

-  The  support  and  ground  are  simultaneously 

activated:  no  delayed  installation  of  the 

support 

-  The  unloading  due  to  excavation  is  considered 
rather  than  external  loading. 

The  required  input  for  Closed  Form  Solutions  related  to 


ground  and  elastic  support  constants  and  the  geometry  of  the 
support  (diameter,  cross  sectional  area,  moment  of  inertia) 
is  presented  in  Table  5.1. 


. 
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The  in-si tu  stress  field  is  considered  to  be  symmetric 
to  both  the  vertical  and  horizontal  tunnel  axis  (k=1).  The 
magnitude  of  the  field  stress  used  in  the  calculations  is 
calculated  at  the  depth  of  the  tunnel  centreline. 

The  assumption  that  the  in-si tu  stress  ratio  is  equal 
to  unity  implies  that  in  both  cases,  the  full  slip  and 
no-slip  between  soil  and  structure  yield  identical  results. 
The  two  cases  yield  the  same  results  because  when  K=1,  the 
shear  stresses  at  the  soil-liner  interface  is  zero. 

The  equations  presented  in  Fig  5.2  and  the  data 
presented  in  Table  5.1  make  possible  the  calculation  of  the 
thrusts  and  deformations  of  the  lining  presented  in  Table 
5.2.  For  the  calculations  of  values  presented  in  Table  5.2, 
the  steel  rib  cross  section  area  was  divided  by  the  rib 
spacing  in  order  to  obtain  the  effective  cross  section  area, 
as  recommended  by  Mohraz  et  al  (1975). 

The  wooden  lagging,  installed  between  ribs,  is  assumed 
to  have  no  self  support  capacity  and  does  not  enter  into  the 
calculations  of  the  loads  and  displacements  of  the  lining.  A 
discussion  of  the  self  support  capacity  of  the  lagging  is 
presented  in  Section  4. 5. 5. 4. 

The  correction  factors  due  to  the  delayed  support 
installation  and  yielding  ground,  described  in  Section  5.2 
are  discussed  in  the  next  section. 
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RATIOS  RIBS  NORMAL  LOAD  (KN)  RADIAL  DISPLACEMENT  (mm) 
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5.4.2  Comments  on  the  Evaluation  of  Ground  Support 
Interaction  by  the  Closed  Form  Solution  by  Einstein  and 
Schwar  tz  ( 1 979 , 1 980 ) 

For  the  calculation  of  the  flexibility  ratios  (F*) 
presented  in  Table  5.2,  the  existence  of  the  four  joints  of 
the  LRT  tunnel  primary  lining  and  the  three  joints  of  the 
EXP  tunnel  primary  lining  was  neglected.  Even  neglecting  the 
"hinges"  in  the  steel  ribs,  the  values  of  F*  are  found  to  be 
high.  As  discussed  in  section  5.2.1,  for  values  of  F* 
greater  than  100,  the  bending  moments  on  the  lining  are  near 
zero  and  the  thrust  calculations  are  insensitive  to  F*  which 
means  that  neglecting  the  lining  joints  does  not  affect  the 
values  of  loads  and  displacements  presented  in  Table  5.2. 

The  loads  and  lining  displacements  presented  in  Table 

5.2  indicate  that  for  the  LRT-SE  tunnel  and  the  EXP  tunnel, 
the  thrusts  on  the  lining  are  overestimated  and  the 
displacements  underestimated  when  no  corrections  due  to 
delay  in  the  lining  installation  is  applied  to  the  linear 
elastic,  closed  form  solution. 

Table  5.2  also  indicates  that  the  loads  measured  in  the 
LRT-NE  tunnel  were  very  close  to  that  estimated,  and  that  no 
correction  factor  due  to  delayed  lining  installation  should 
be  app lied. 

The  correction  due  to  the  delayed  lining  installation, 
proposed  by  Einstein  and  Schwartz  (1980),?\<j  ,  presented  in 
Section  5.2  is  extremely  difficult  to  estimate  for  the  three 
tunnels  studied  in  this  section.  The  correction  factor,  , 
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is  a  function  of  the  distance  between  the  face  of  excavation 
and  the  point  where  the  lining  first  touches  the  ground 
(Ld).  However,  for  tunnels  excavated  with  a  shielded  mole, 
the  span  of  unsupported  ground  is  somewhat  difficult  to 
estimate. 

In  their  study  of  some  case  histories  on  tunnel 
construction,  Einstein  and  Schwartz  proposed  that,  for 
tunnels  excavated  by  a  shielded  mole,  Ld  should  be  the 
distance  measured  from  the  shield  tail  to  the  position  where 
the  lining  touches  the  ground.  This  proposal  assumes  full 
contact  between  the  shield  and  soil  which  is  unreasonable 
for  the  stiff  ground  that  surrounds  the  LRT  and  the  EXP 
tunnels.  Measurements  taken  from  inside  the  LRT-SE  indicate 
that  there  is  a  gap  between  the  soil  and  the  shield  tail, 
hence,  supporting  the  assumption  that  full  contact  between 
the  soil  and  shield  is  unreasonable. 

Values  of  Ad  varying  from  0  to  0.8  for  the  LRT  and  EXP 
tunnels  can  be  obtained  from  the  calculations  proposed  by 
Einstein  and  Schwartz,  which  make  the  analysis  of  the 
results  of  Table  5.2  difficult.  The  yield  factor  (Ay  )  based 
on  finite  element  ‘analyses  carried  out  by  Einstein  and 
Schwartz  indicate  that  yielding  in  the  ground  would  result 
in  an  increase  of  up  to  50%  in  the  loads  calculated  from  the 
elastic  ground  behaviour  (Table  5.2). 

If  Ay  is  equal  to  1.5,  Ad  would  have  to  be  0.3  for  the 
LRT-SE  tunnel  and  0.1  for  the  Experimental  tunnel  in  order 
to  obtain  estimated  loads  similar  to  those  measured  at  the 
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si  te. 

Einstein  and  Schwartz  (1980)  stated  that  the  loads 
calculated  by  their  method  are  overestimated  up  to  75%.  They 
also  verified  the  difficulty  in  the  evaluation  of7\d,  which 
is  responsible  for  most  of  the  inaccuracy  of  the  method. 

From  the  discussion  presented  in  this  chapter,  it  can 
be  concluded  that  the  prediction  of  lining  thrusts  by  the 
Closed  Form  Solution  is  inaccurate  for  both  deep  and  shallow 
tunnels . 

It  is  believed  that  the  construction  details  and  the 
heterogeneity  of  the  soil  mask  the  inaccuracy  of  the 
application  of  Closed  Form  Solution  for  shallow  tunnels. 

The  influence  of  the  construction  details  and  local 
heterogeneities  on  the  lining  thrusts  can  be  verified  by 
comparing  the  lining  thrusts  measured  in  the  two  LRT 
tunnels:  the  measured  lining  thrusts  are  very  different 
despite  of  the  fact  that  the  two  tunnels  were  built  under 
identical  conditions. 

5.4.3  Analysis  of  the  results  obtained  from  the 
Convergence -Confinement  Method 

The  normalized  Ground  Reaction  Curve  (GRC)  for  openings 
in  the  Edmonton  till  is  plotted  in  Figure  5.7.  The 
assumptions  and  equations  involved  in  the  plot  of  Ground 
Reaction  Curves  are  shown  in  Figure  5.7  and  described  in 
Section  5.3  of  this  chapter.  It  is  interesting  to  note  that 
the  Ground  Reaction  Curve,  in  the  normalized  form 
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( Pi /PoxUi /Uo)  is  a  function  only  of  "Ae"  and  "m"  (defined  in 
section  5.3).  In  the  case  where  the  soil  cohesion  is  assumed 
to  be  zero,  the  normalized  G.R.C.  is  a  function  only  of  the 
soil  friction  angle  and  the  coefficient  of  dilation  ( c<  ) t 
irrespective  of  the  soil  elastic  parameters  in-si tu  stress 
field  and  size  of  the  opening.  The  parameters  E ,  0  ,  (T0  ,  D, 
are  used  when  a  specific  displacement  or  pressure  is  to  be 
plotted  on  the  normalized  G.R.C.  plot. 

The  coordinates  "Ae" ,  for  the  displacement  ratio,  and 
"1-Ae"  for  the  pressure  ratio,  indicated  in  Fig  5.7,  define 
the  point  where  the  onset  of  plasticity  takes  place  around 
the  opening. 

Three  different  kinds  of  points  of  equilibrium  1  of  the 
soi 1 -structure  interface,  for  the  LRT  and  EXP  tunnels,  are 
shown  in  Fig  5.7  as  Ea,  Eb,  and  Ec. 

1)  Ea: 

This  is  the  point  of  equilibrium  defined  by  the 
intersection  of  two  curves,  viz.,  the  theoretical  ground 
reaction  and  the  support  reaction  curves. 

The  plot  of  the  support  reaction  curves  shown  in  Figure 
5.7  requires  a  knowledge  of  the  compressive  stiffness  of  the 
support,  calculated  in  Appendix  D,  and  a  knowledge  of  the 
ground  displacement  close  to  the  ground  support  interface, 
that  takes  place  before  the  lining  expansion  (Ubl). 


1  The  point  of  equilibrium  is  defined  by  the  coordinates 
Pi/Po,  pressure  ratio,  and  Ui/lfe,  displacement  ratio, 
plotted  in  the  character i st ic  lines  graph  (Fig  5.7). 
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The  amount  of  ground  displacement  that  takes  place  at 
the  soi 1 -structure  interface  before  the  lining  expansion,  is 
defined  as  being  the  sum  of  two  ground  displacements: 

a)  Ground  displacements  that  take  place  ahead  of 
the  face  of  the  tunnel :  assumed  to  be  one 
third  of  the  final  elastic  wall  displacement 
of  the  un lined  tunnel  (Uo/3)  (Ranken  and 
Ghaboussi ,  1975). 

b)  Ground  displacements  that  take  place  along  the 
length  of  the  excavating  machine  are  assumed 
to  be  one  half  of  the  difference  between  the 
excavated  diameter  and  the  diameter  of  the 
expanded  primary  lining. 

The  estimation  of  "Ubl"  is  presented  in  Table  5.3. 

2)  Eb: 

This  is  the  point  of  equilibrium  defined  by  the 
intersection  of  two  curves, viz.,  the  theoretical  ground 
reaction  and  the  support  reaction  curves. 

The  difference  between  Eb  and  Ea  is  associated  with  the 
ground  displacement  that  takes  place  before  the  lining 
expansion  ( Ubl ) : 

In  order  to  find  Ea,  "Ubl"  is  simply  estimated  based  on  a 
calculation,  presented  in  Table  5.3,  without  taking  into 
account  any  information  from  the  tunnel  instrumentation.  On 
the  other  hand,  the  plot  of  the  support  reaction  curve  that 
defines  the  point  of  equilibrium,  Eb,  is  based  on  the 
measured  ground  displacements  that  take  place  before  the 
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lining  expansion  (Ubl-meas)  obtained  from  field 
instrumentation 

0 

The  values  of  Ubl-meas/Uo  are  presented  in  Table  5.4. 

3)  Ec: 

This  is  the  range  of  points  of  equilibrium  obtained 
from  the  lining  and  ground  instrumentation. 

Table  5.5  indicates  the  pressure  and  displacement 
ratios  (Pi/Po  and  Uf inal -meas/Uo)  calculated  for  three 
tunnels : 

-  LRT  -  South  Extension  -  North  tunnel 

-  LRT  -  North-East  line  -  North  tunnel 

-  Experimental  tunnel 

The  range  of  points  of  equilibrium  (Ec)  related  to  the 
LRT-NE  tunnel  was  plotted  on  Figure  5.7  based  on  certain 
assumptions  because  no  ground  displacements  at  the 
spring  line  were  available  for  this  tunnel.  It  was  assumed 
that  the  ground  displacements  at  the  springline  of  the 
LRT-Ne  tunnel  are  equal  to  the  ones  measured  in  the  LRT-SE 
tunnel.  The  assumption  of  equal  lining  displacement  in  the 
two  LRT  tunnels  is  based  on  the  fact  that  these  two  tunnels 
were  built  with  very  similar  geometry,  constructions  method 
and  ground  conditions,  and  caused  similar  surface 
settlements. 

The  load  and  displacement  ratios  defining  "Ec"  are 
related  to  the  springline  of  the  tunnels  studied  in  this 
section  because  at  the  springline,  more  complete  information 
was  avai 1  able . 
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The  value  of  the  modulus  of  elasticity,  E,  chosen  for 
the  Edmonton  till,  150  MN/m2,  is  based  on  the  pressuremeter 
tests  reported  by  Morrison  (1972). 

5.4.4  Comments  on  the  Evaluation  of  the  Ground  Support 
Interaction  by  the  Convergence - Con f inement  Method 

The  analysis  of  the  “points  of  equilibrium"  plotted  for 
the  soi 1 -structure  interface  of  the  EXP  tunnel,  in  Fig  5.7, 
indicates  that  thrusts  and  lining  displacements  can  be 
reasonably  well  predicted  using  the  Convergence -Confinement 
Method.  /; 

The  measured  loads  and  displacements,  in  the  EXP  tunnel 
are  greater  than  those  estimated  but  not  to  a  significant 
extent.  The  reason  for  higher  measured  values  may  be 
ascribed  to  a  higher  degree  of  soil  disturbance  during 
tunnel  construction.  An  increase  in  the  soil  disturbance 
would  probably  result  in  a  decrease  in  the  soil  elasticity 
modulus  and  shear  strength  that  would  yield  greater  loads 
and  lining  displacements. 

As  opposed  to  the  EXP  tunnel,  the  predictions  of  loads 
on  the  lining  and  ground  displacements  for  the  LRT  tunnels 
based  on  the  characteristic  lines  method  yielded  loads  and 
displacements  completely  different  than  those  measured. 

The  comparison  between  Ec,  measured  loads  and 
displacements,  and  Ea,  estimated  loads  and  displacements, 
obtained  for  the  LRT  tunnels,  indicates  that  the  convergence 
confinement  method  predicts  much  higher  displacements  and 


. 
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much  lower  thrusts  in  the  lining  than  those  measured. 

The  comparison  between  Ec  and  Eb,  related  to  the  LRT 
tunnels,  indicate  that  the  discrepancy  between  measured  and 
expected  loads  and  lining  displacements  is  basicly  due  to 
the  inaccurate  estimation  of  ground  displacements  ahead  of 
the  lining  expansion.  The  estimated  loads  and  lining 
displacements  compare  better  to  those  measured  when  the 
point  of  equilibrium  of  the  soi 1 -structure  interface  is 
estimated  on  the  basis  of  the  ground  movements  obtained  from 
the  field  instrumentation  (Eb). 

The  inaccurate  assessment  of  ground  displacements  that 
take  place  before  the  lining  expansion  is  believed  to  be  the 
result  of  the  non- ax i symmetric  mode  of  deformation  and 
development  of  plasticity  around  shallow  tunnels,  even  in 
the  case  where  K  (stress  field  ratio)  is  approximately  1. 
The  fact  that  the  mode  of  deformation  is  responsible  for  the 
inaccuracy  of  the  soil  structure  interactions  predicted  for 
the  LRT  is  supported  by  the  fact  that  after  the 
non-ax i symmetr ic  mode  of  deformation  ceases,  i.e.  when  the 
lining  is  expanded  against  the  ground,  the  loads  and 
displacements  predicted  by  the  C.-C.  Method  become  close  to 
the  measured  ones. 

It  is  believed  that  the  soil  disturbance  due  to  tunnel 
construction  strongly  affects  the  boundary  condition  and 
consequently  the  mode  of  deformation  of  the  soils  around 
shallow  tunnels. 
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As  already  mentioned  in  section  5.2,  elastic  finite 
element  studies  indicate  that  the  LRT  tunnels  are  at  the 
boundary  of  being  defined  as  a  deep  or  shallow  tunnel.  The 
study  of  the  LRT  and  the  EXP  tunnels  indicated  that  this 
definition,  based  on  finite  element  analyses,  is  not 
necessarily  valid. 

The  definition  of  difference  between  deep  and  shallow 
tunnels  based  on  stress  and  strain  distribution  around 
openings  should  take  into  account  the  construction  technique 
used  and  particularly  the  sequence  of  lining  installation  in 
order  to  evaluate  more  effectively  the  effect  of  the  opening 
excavation  on  the  boundaries. 

The  study  of  the  prediction  of  the  soi 1 -structure 
interaction  for  deep  and  shallow  tunnels,  constructed  in  a 


similar  manner, 

indicated 

that , 

for 

the 

Convergence - Con  f i nemen  t 

Method 

( Section 

5.3.3) , 

the 

limitations  related  to  the  mode  of  deformation  on  the  ground 
and  of  the  lining  are  of  major  importance. 

The  discrepancy  between  measured  and  estimated  ground 
displacements  at  the  springline  of  the  LRT-SE  tunnel  before 
the  lining  is  expanded  might  also  be  due  to  the  distance 
between  the  inclinometers  and  the  lining.  The  distance 
between  the  inclinometer  at  the  spring  line  level  and  the 
LRT-SE  lining  is  1.2  metre.  If  soil  expansion  takes  place 
within  this  1.2  metre  space,  the  measured  displacements 
would  be  smaller  than  those  at  the  soil-liner  interface. 
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The  comparative  study  of  the  LRT  tunnels  and  the  EXP 
tunnel  is  not  invalidated  by  the  distance  between  the 
inclinometer  and  LRT  lining  because  in  the  EXP  tunnel,  the 
inclinometer  that  yielded  the  results  reported  in  this 
section  was  installed  at  0.6  metre  from  the  liner  which  is 
considered  large  compared  to  the  tunnel  diameter. 


5.5  Summary  and  Conclusions  of  the  Evaluation  of 
Soi 1 -Structure  Interaction  by  "Simple  Solutions" 

In  this  chapter,  the  applicability  of  Closed  Form 
Solutions  and  the  Convergence- Conf inement  Method  for  the 
evaluation  of  the  soi 1 -structure  interaction  in  shallow 
tunnels  was  analysed.  This  analysis  was  based  on  the  data 
collected  from  two  types  of  tunnels  constructed  under  very 
similar  conditions,  viz.,  the  shallow  LRT  tunnels  and  the 
deep  EXP  tunnel . 

It  was  concluded  that  the  thrusts  and  lining 
displacements  predicted  by  the  closed  form  solution  proposed 
by  Einstein  and  Schwartz  (1979,1980)  were  only  comparable  to 
those  measured  in  the  LRT-NE  tunnel . 

For  the  LRT-SE  and  EXP  tunnels,  the  measured  thrusts 
were  much  smaller  than  those  predicted. 

The  correction  to  the  lining  thrusts  and  moments 
calculated  by  the  Closed  Form  Solution  due  to  delayed  lining 
installation  and  yelding  ground  was  discussed  in  this 
chapter.  It  was  concluded  that  the  delayed  lining 
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installation  correction  factor  (Ad)  is  difficult  to  predict 
for  tunnels  excavated  in  stiff  ground  by  shielded  tunnel 
boring  machines. 

The  difficulty  in  predicting  Ad  masks  the  effects  of 
the  proximity  of  the  surface  on  the  thrusts  and  lining 
displacements  calculated  by  the  Closed  Form  Solutions. 

The  evaluation  of  the  soi 1 -structure  interaction  by  the 
Characteristic  Lines  Method  was  found  to  be  good  for  the 
deep  tunnel,  i.e.  the  EXP  tunnel.  The  boundary  conditions 
and  mode  of  deformation  in  the  Experimental  tunnel  are 
probably  closer  to  those  assumed  by  the  Characteristic  Lines 
Method . 

The  lining  loads  and  ground  deformations  predicted  by 
the  Characteristic  Lines  Method  for  the  LRT  tunnels,  were 
different  than  those  observed.  The  predicted  displacements 
at  the  tunnel  springline  were  much  greater  than  those 
measured.  The  reasons  for  the  discrepancy  between  predicted 
and  measured  displacements  were  ascribed  to  the  fact  that 
the  mode  of  deformation  of  the  soil  surrounding  the  LRT 
tunnels  was  not  equal  to  that  assumed  in  the  derivation  of 
the  characteristic  lines  in  the  Convergence-Conf inement 
Method . 

A  departure  from  the  uniform  radial  mode  of  behaviour 
(axi symmetric)  assumed  by  the  C.-C.  Method  might  be  due  to: 

-  A  lower  value  of  the  in-situ  stress  ratio  ( K < 1 ) 

-  The  heterogeneous  nature  of  the  upper  till,  with 
the  presence  of  the  inter-till  sand  in  the 
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proximity  of  the  tunnel. 

“  the  proximity  of  the  tunnel  to  the  surface 
The  fact  that  an  in-si tu  stress  ratio  close  to  unity 

has  been  verified  in  the  upper  Edmonton  till  and  that  only 

small  sand  pockets  were  detected  close  to  the  tunnel 
instrumentation  might  be  an  indication  of  the  importance  of 
proximity  of  the  tunnel  to  the  surface  on  the  departure  from 
the  axisymmetric  behaviour  in  the  LRT-SE  tunnel. 

The  use  of  the  Convergence-Conf inement  Method  in  the 
study  of  the  soi 1 -structure  interaction  of  the  tunnels 
presented  in  this  section  was  extremely  useful.  The  plot  of 
estimated  and  measured  loads  and  displacements  on  the  ground 
and  lining  on  Figure  5.7  gave  an  indication  of  the 

importance  of  the  proper  assumptions  concerning  the  mode  of 

behaviour  around  shallow  openings. 

There  is  a  great  need  for  the  development  of  simple 
solutions  for  shallow  tunnels.  The  existence  of  Simple 
Solutions  would  help  the  tunnel  design  but  its  limitations 
can  be  foreseen  because  the  discrepancy  between  the  loads 
measured  in  the  two  LRT  tunnels  can  only  be  explained  by  the 
complete  knowledge  of  minor  construction  details  and  local 
heterogeneity.  These  can  hardly  be  incorporated  in  a  Simple 
Solution. 
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6.  CONCLUSIONS 


6.1  Introduction 

The  research  herein  examined  the  behaviour  of  a  large 
diameter,  shallow  tunnel,  built  in  stiff  ground  for  the 
extension  of  the  Light  Rail  Transit  System  of  the  City  of 
Edmonton,  Alberta. 

The  analysis  of  the  factors  affecting  the  behaviour  of 
the  tunnel  lining  and  surrounding  ground  was  based  on  the 
data  collected  from  a  comprehensive  monitoring  program.  The 
comparison  of  the  results  from  a  deeper,  small  diameter 
tunnel,  with  a  different  depth  ratio  (depth  of  the  centre  of 
the  tunnel /tunnel  diameter)  allowed  the  analysis  of  the 
influence  of  the  depth  ratio  on  the  mode  of  deformation  and 
plastic  behaviour  of  the  soil  and  how  these  affect  the 
lining  behaviour . 

The  following  sections  summarize  the  major  findings  of 
this  research. 


6.2  Soil  Response  to  Tunneling 

6.2.1  Surface  Vertical  Displacements 

The  surface  settlement  points  indicated  that  the 
surface  settlement  trough  was  not  symmetric  to  the  tunnel 
axis.  This  asymmetry  might  be  due  to  the  presence  of 
inter-till  sand  pockets,  non-symmetr ic  to  the  tunnel  axis 
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or/and  due  to  the  presence  of  buildings  at  only  one  side  of 
the  tunnel  axis.  The  shallow  foundations  of  these  buildings 
might  locally  increase  the  soil  stiffness,  resulting  in 
smaller  settlements. 

The  asymmetry  observed  in  the  transverse  sections  of 
the  surface  settlements  troughs  indicates  that  they  do  not 
fit  the  Gaussian  distribution  of  surface  settlements 
proposed  by  Litviniszyn  (1956)  and  Peck  (1969). 

The  steeper  portions  of  the  transverse  section  of  the 
settlement  troughs  occur  in  a  narrow  region  above  the  tunnel 
and  do  not  affect  the  buildings  located  10  metres  from  the 
tunnel  axis,  where  the  differential  settlements  are 
approximately  1:17000. 

Negligible  surface  vertical  displacements  were  measured 
ahead  of  the  face  of  the  mole.  These  displacements 
stabilized  15  metres  behind  the  face  of  the  mole. 

6.2.2  Deep  Vertical  Displacements 

Before  the  mole  reached  a  section,  points  close  to  the 
soil  to  be  excavated  along  a  vertical  line  passing  through 
the  tunnel  axis  experienced  heave  of  up  to  3mm.  Negligible 
downward  movements  were  detected  ahead  of  the  face  of  the 
mole . 

During  the  tunnel  excavation,  the  extensometers  located 
beside  the  tunnel  liner  did  not  measure  significant  soil 
straining  in  the  vertical  direction  (£Vert^  0.1%) 
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The  stabilization  of  vertical  displacements  of  the  soil 
occurred  approximately  15  metres  from  the  face  of  the  mole. 

The  monitoring  of  vertical  movements  above  a  roof 
failure  indicated  that  large  vertical  displacements  (larger 
than  50mm)  propagated  up  to  3.4  metres  to  4.5  metres  above 
the  tunnel  crown.  The  settlements  at  the  surface,  above  this 
roof  failure,  were  small  and  should  not  affect  the  nearby 
building  foundations. 

6.2.3  Deep  Horizontal  Displacements 

The  inclinometers  located  at  1.2  metre  and  3.3  metres 
from  the  tunnel  liner,  at  the  springline,  measured 
horizontal  displacements  of  3.0mm  and  2.0mm,  respectively, 
towards  the  tunnel  axis.  The  development  of  horizontal 
movements  towards  the  tunnel  axis  started  3.0  metres  ahead 
of  the  face  of  the  mole  and  stabilized  approximately  6.0 
metres  from  the  tail  of  the  mole,  where  the  primary  lining 
was  expanded  against  the  ground.  It  can  be  concluded  that 
the  horizontal  displacements  in  the  soil  stabilized  faster 
than  the  vertical  ones. 

The  development  of  soil  movements  in  the  direction 
parallel  to  the  tunnel  axis  indicated  that  analytical 
studies  of  tunnel  behaviour  based  on  plane  strain  analyses 
do  not  reflect  reality.  The  fact  that  the  points  in  the 
ground  move  in  a  direction  parallel  to  the  tunnel  axis 
during  tunneling  and  return  to  their  initial  position,  after 
the  mole  passes,  enhances  the  fact  that  studies  of  the  final 
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displacements  about  tunnels  that  do  not  take  into  account 
the  soil  "strain  history"  are  not  acceptable. 

6.2.4  Loss  of  Ground 

The  coupled  analysis  of  vertical  and  horizontal 
displacements  around  the  LRT  tunnel  yielded  the  conclusion 
that  the  ground  experienced  an  average  volume  increase  of 
0.59  m3/lineal  metre  (1.96%  of  the  tunnel  nominal  volume) 
due  to  tunnel  construction.  Similar  ground  volume  increases 
were  measured  by  Hansmire  (1975)  in  a  tunnel  dug  in  dense 
sand. 

More  than  96%  of  the  ground  volume  increase  due  to  the 
LRT  tunnel  construction  occurred  in  the  region  above  the 
tunnel  crown. 


6.3  Lining  Loads  and  Displacements 

The  loads  carried  by  the  steel  lagging  and  load  cells 
were  affected  by  the  action  of  the  longitudinal  propulsion 
jacks  of  the  mole  on  the  primary  lining. 

The  load  cells  installed  in  the  lower  rib  joints 
consistently  picked  up  higher  loads  than  those  installed  in 
the  upper  joints.  This  reflects  the  development  of  shear  at 
the  soil- liner  interface,  probably  due  to  the  upward 
movement  of  the  liner  detected  in  the  lining  displacement 
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difference  in  soil  stress  relief  might  also  be  due  to  the 
upward  movement  of  the  liner. 

The  coupled  study  of  the  steel  lagging  and  load  cell 
data  indicated  that  the  steel  ribs  carried  average  loads  85% 
to  213%  higher  than  those  carried  by  the  lagging.  This  might 
be  an  indication  that  soil  arching  occurred  between  ribs. 

The  steel  ribs  at  the  crown  carried  loads  from  9%  to 
26%  of  the  overburden.  These  loads  are  smaller  than  those 
measured  in  the  LRT  North  East  tunnel  (71%  of  overburden). 

The  lining  displacements  measurements  indicated  that 
after  rib  expansion,  there  is  very  little  liner  distortion. 


6.4  Soi 1 -Structure  Interaction 

The  study  of  the  soil  displacements  associated  with  the 
loads  on  the  primary  lining  in  tunnels  constructed  in 
Edmonton  with  different  depth  ratios  (depth  of  center  of  the 
tunnel /tunnel  diameter)  enabled  the  analysis  of  the 
applicability  of  Closed  Form  Solutions  and  the 
Convergence-Confinement  Method,  termed  Simple  Solutions,  to 
shallow  tunnels.  This  analysis  showed  that  the  prediction  of 
lining  loads  and  displacements  with  Closed  Form  Solutions  is 
inaccurate  for  both  deep  and  shallow  tunnels,  basically  due 
to  the  difficulty  of  taking  into  account  the  delayed 
installation  of  the  lining.  It  was  concluded  that  the 
prediction  of  tunnel  behaviour  based  on  the 
Confinement -Convergence  Method  yielded  good  results  for  deep 
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tunnels  but  not  for  shallow  tunnels. 

The  discrepancy  between  predicted  and  measured 
displacements  is  ascribed  to  the  fact  that  the  mode  of 
deformation  and  development  of  plasticity  of  the  soil 
surrounding  the  LRT  tunnels  was  not  axi symmetr ic ,  as  assumed 
by  the  Convergence -Confinement  Method.  The  departure  from 
the  uniform  radial  mode  of  behaviour  (axi symmetric)  was 
ascribed  to  the  proximity  of  the  LRT  tunnels  to  the  surface. 


6.5  Recommendations  for  Further  Studies 

The  conclusions  presented  in  this  Chapter  indicate  that 
there  is  no  simple  method  that  permits  the  engineer  to 
rapidly  investigate  alternatives  to  problems  related  to 
shallow  tunnels.  It  is  suggested  that  further  studies  to 
develop  Closed  Form  Solutions  for  shallow  lined  tunnels 
should  be  carried  out.  These  Closed  Form  Solutions  would 
probably  lead  to  simple  design  methods  applicable  to  shallow 
tunnels . 
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A.  APPENDIX  -  LABORATORY  TEST  RESULTS 
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Table  A. 5  SUMMARY  OF  LABORATORY  TEST  RESULTS  -  INTER-TILL 
SANDS 


Test 

Depth 

Hole 

(m) 

Wi 

79-6 

8.4  -  8.7 

15.5 

79-6 

11.7  -  12.0 

19.9 

79-6 

14.5  -  14.7  . 

22.9 

79-19 

14.7  -  15.0 

22.0 

79-19 

17.7  -  18.0 

18.3 

Sand 

%  Silt 

%Clay 

66.0 

24.0 

5.0 

65.0 

31.0 

4.0 

38.0 

62.0 

0.0 

60.0 

35.5 

4.5 

78.5 

17.0 

4.5 
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Table  A. 6  SUMMARY  OF  LABORATORY  TEST  RESULTS  -  SASKATCHEWAN 
SANDS  AND  GRAVELS 


Test 

Depth 

Hole 

(m)  Wi  %  Sand  %  Silt  %Clay 

79-28 

97.5  2.5  0.0 

B.  APPENDIX  -  GROUND  INSTRUMENTS  -  FIELD  DATA 


' 


. 

' 


274 


POINTS  POSITION  1981 


275 


id 

CD 

■<T 

CM 

CO 

n  1s- 

L 

0 

e 

4 

2 

9 

6 

6 

3 

1 

8 

5 

CM  05  ^ 

05 

-- 

CM 

a 

CN 

CN 

05 

05 

CO 

in 

co  05 

0)  ID 

in 

in 

TT  TT 

OdicoMnncNOO 

CM 

TJ- 

in 

l /) 

in 

in 

CO 

CM 

CM 

CM 

CM 

CM  — 

i 

1 

1 

1 

1 

i 

1  1 

1 

1 

1 

' 

1 

1  1  1 

1  1  1  1  1  1 

1  1  4 

+ 

+ 

+ 

+ 

in 

05 

05 

ID 

CM 

.2 
.0 
.6 
.  2 
.5 

in 

in 

CO 

in 

2 

0 

7 

^^’■OICnOMD 

0) 

«- 

CO 

a. 

ID 

CM 

O) 

05 

CO 

in 

05  05 

05 

ID 

in 

Tt 

n 

O05G0IDIDC0CMOO 

CO 

in 

(/> 

in 

in 

CO 

CN 

CN 

CM 

CN 

1 

1 

1 

1 

1 

1 

1  1 

1 

1 

1 

1 

1 

i  i  i 

1  1  1  1  1  1 

1  1  + 

4 

4 

4 

♦ 

in 

in 

CM 

CO 

CO 

CD 

CM 

00  — 

- 

— 

-r- 

8 

6 

3 

0 

0 

7 

5 

2 

9 

c 

0 

L 

9 

in 

1^ 

00 

a 

in 

b 

r- 

ID  T 

--  CO 

co 

in 

co 

CO 

CO 

2. 
2  . 
0. 
9. 
8  . 
6  . 
5. 
4  . 
1  . 

O  O  CM  CO  Tt  in  ID 

t/> 

in 

in 

i 

CO 

1 

CM 

1 

CM 

1 

CM 

1 

CM 

1 

CM  ^ 

1  1 

1 

1 

1 

1 

' 

1  1  1 

1  1  1  1  1  1 

1  +  4 

+ 

♦ 

+ 

+ 

co 

in 

in  cm 

CO 

CO 

CD 

CM 

co  »- 

- 

- 

aif'-cooocoinco  — 

4 

7 

0 

3 

in 

co 

CL 

ID 

CM 

CO 

CO 

r* 

in 

2 

9 

9 

ID 

co  co  — 

CO  0) 

CN 

co 

in 

to 

CN 

i 

1 

1 

1 

i 

1 

1  1 

1 

1 

1 

1 

t 

1  1  1 

4  4  4  4  4  4 

4  4  4 

+ 

+ 

4 

+ 

CM 

ID 

yj 

6 

3 

9 

9 

7 

3 

9 

2 

CM 

ID 

8 

5 
2 
9 
7 

6 
9 

9 

2 

4 

7 

0 

3 

ID 

O) 

CM 

ID 

r- 

• 

-j 

»— i 

(/) 

CO 

o 

38 

19 

15 

in  ■'t 

(2 

9 

6 

ID 

CO 

—  —  —  O  O  —  CM 

3 

5 

6 
7 
10 
1  1 

CM 

CO 

in 

ID 

CO 

1  1  1 

1  1 

1  1  1 

1 

1 

1  1  1  1  1  4  4 

4  4 

4444 

4 

♦ 

4 

4 

+ 

4 

ID 

ID 

CO 

05 

05 

r- 

co 

9 

2 

CN 

CM 

co 

in 

2 

9 

4 

1 

9 

2 

4 

0 

3 

6 

9 

2 

ID 

LU 

a. 

ID 

i 

CM 

co 

00 

r- 

in 

CM  05 

05 

ID 

Tt  CO 

co 

1 

0 

0 

2 

3 

7 

8 
9 
0 
2 

CO 

in 

to 

CN 

1 

1 

1 

1 

1 

1 

1  1 

1 

1 

1 

i 

1  1 

1 

i  1444 

+ 

4  +  4  +  4- 

+ 

4 

4 

o 

7 
4 
0 
0 

8 
4 
0 
3 

3 

3 

05 

6 

3 

0 

8 

5 

CM 

CM 

•*- 

CO 

ID 

05 

CM 

in 

CO 

CO 

in 

ID 

ll 

LU 

co 

o 

co 

•r- 

05 

7 

5 

1 

**  00 

ID 

6 

6 

6 

5 

CO 

CM 

o 

CM 

•<? 

ID 

CO  O 

CM 

10 

z 

CM 

CM 

CM 

**■» 

' 

' 

1 

1 

1 

1  1  1 

1  1 

1 

1  1  1  1 

1 

1 

1 

+ 

4 

+ 

4 

+ 

4 

+ 

4 

4 

4 

4 

LU 

t- 

p> 

in 

1 

7 

0 

0 

4 

ID 

3 

0 

7 

5 

co 

ID 

05 

CM 

in 

CO 

ID 

co 

05 

05 

• 

u 

LU 

CO 

< 

co 

05 

in 

in 

2 

9 

6 

6 

3 

-  -  O  O 

CO 

in 

ID 

7 

0 

CM 

in 

ID 

GO 

z 

Ll. 

CO 

1 

• 

1 

1 

1  1  1 

1  1 

1 

1  1  1  1 

4 

4 

+ 

+ 

4 

+ 

+ 

4 

+ 

4 

4 

4 

4 

4 

CO 

ID 

LU 

.6 

.3 

.9 

05 

co 

05 

CM 

CM 

CM 

CO 

in 

.2 

.9 

.4 
.  1 
.9 
.2 
.4 
.7 
.0 
.3 
.6 
.9 
.2 

ID 

h* 

CL 

ID 

i 

•*“  CM  CO 

co 

r- 

in 

CM 

05 

05 

ID 

n 

4 

3 

co 

1 

0 

0 

2 

3 

4 

7 

8 
9 
0 
2 

co 

in 

(/) 

i- 

TT  CM  — 

1  1  1 

1 

i 

1 

1 

, 

1 

1 

1 

1  1 

1 

1  1444444444 

4 

4 

4 

z 

4 

0 

0 

8 

4 

0 

3 

3 

3 

05 

ID 

3 

0 

8 

5 

2 

CM 

CO 

ID 

05 

CM 

in 

a  — 

CO 

in 

ID 

r** 

o 

co  o 

t—i 

co 

a. 

CO 

•'T  »-  05  p*  in  ■»* 

CO 

ID 

ID 

6 

6 

5 

3 

2 

-  o 

CN 

ID 

CM 

CO 

to 

U. 

CM  CM  CM  *^  ^  *^  *»- 

1 

1  1  1  1  1  1  1 

1  1 

1 

1 

1  1  1  1  1 

1  4 

4 

4 

4 

4 

4 

4  4 

4 

4 

4 

1- 

«*- 

in 

’-POOoiDtoOMn 

CO 

6 

9 

2 

5 

CO 

■*- 

•o* 

ID 

CO 

05 

ID 

to 

6. 
7. 
O. 
1  . 

CO 

1-4 

CO 

05 

in 

in 

2 

9 

6 

ID 

CO 

-  o  o 

CO 

in 

CM 

in 

ID 

CO 

in 

a 

CO 

1 

1 

1 

1 

i 

1  1  1 

1 

• 

1 

1 

1  1  1 

4 

4 

4 

4 

4  4  4  4 

4 

4 

4 

4 

4 

4 

ID 

ID 

CO 

05 

05 

CO  05  CM 

CM 

CM 

co 

in 

2 

9 

7 

n 

05 

05 

CM 

4 

7 

0 

3 

6 

05 

CM 

ID 

1" 

in 

5. 

6. 
9. 
0. 

LU 

9 

0 

6 

6 

5 

(OOP 

CM 

CM 

CM  •*-  — 

o 

CM 

'O’ 

CM 

•o- 

in 

ID 

z 

CO 

1 

CM 

1 

1 

1 

i 

1  1  1 

1 

1 

1 

1 

1  1  1 

, 

4 

4 

4 

4  4  4  4 

4 

4 

4 

4 

4 

4 

ID 

ID 

6 

6 

C 

CO 

05  CN 

CM 

CM 

CO 

in 

CM  05 

7 

.4 

1 

.9 

CM 

.  7 
.0 
.3 

ID  05 

CM 

ID  P* 

CL 

ID 

ID 

CM  CO 

CO 

in 

CM  05 

05 

ID 

co 

3 

1 

0 

0 

2 

CO 

r- 

CO  05  O  CM 

co 

TJ* 

in 

to 

o* 

CM  ~ 

1 

1  1 

1 

• 

1 

1  1 

1 

1 

1 

1 

1  1 

1114 

4 

4 

4 

4 

+ 

4  4 

4 

4 

4 

4 

CO 

CL 

in 

in 

CM  CD 

CO 

ID 

CM 

CO  •*- 

▼“ 

TT 

—  CO 

6 

.3 

.0 

.0 

.3 

.5 

CO 

•*- 

.  7 
.0 
.  3 
.5 

co 

ID 

CM  CO 

CO 

in 

CM  05  05 

ID 

TT  CO 

co  —  O 

CM 

CO 

CO 

05  — 

CM 

CO 

in 

i/) 

1 

CM  ^ 

1  1 

7 

1 

1 

1  1 

1 

1 

1 

1 

1  1 

114  4 

4 

4 

4 

4 

4 

4  4 

4 

4 

4 

4 

CM 

Q. 

CM 

CM 

05  in 

in 

n  05 

in  co 

co 

CO 

co  in 

.  3 
.0 
.  7 
.7 

CM 

05 

ID 

.  3 
.0 
.  3 

.6 

.8 

.0 

in 

O  O  i"~ 

ID 

co 

**-  r* 

CO 

CO 

CM  CM 

2 

0 

8 

7 

ID 

in 

CO 

O 

CM 

CO 

ID  P- 

to 

in 

ID 

1 

CO  CM 

1  1 

CM 

1 

CM 

CM 

1 

CM  y 

i 

■ 

1 

1 

1  1 

1  1  1  1 

1 

1 

1 

1 

1 

4  4 

4 

4 

4 

+ 

LU 

O 

o  in  in 

O 

o 

88 

ininooooinoininooinoinoinoino 

z 

5 

O  n 

*•- 

5 

— 

CO 

CO 

CM  — 

CO  TT  o  O  O 

O  o- 

CM 

•*“  CO 

in 

•o- 

CM 

►H 

K 

in 

in  in 

1 

in 

in  co 

(0 

CM 

CO  05  O 

•<-  co  in  05 

CO 

in 

05 

CM 

CO 

co 

05 

CN 

a 

LU 

co 

O  CM  CO 

rr 

in 

GO 

in  ID\0)  O  0  0  0  0  0  0^ 

0 

0 

2 

2 

2 

3 

CO 

ID 

ID 

ID 

m 

■w— 

IS) 

h- 

< 

zzmco^commcomcam 

CO  CD 

CO  CD  CD  CD 

CD  CD 

CD 

CD 

CD 

CD  CD 

CD 

CD 

CD 

CD 

z 

in 

Q 

< 

<  LU 

LU 

LU 

LU 

LU  LU 

LU 

LU 

LU 

LU 

LU  LU 

LU  LU  LU  LU 

LU 

LU 

LU 

LU 

LU 

LU  LU 

LU 

LU 

LU 

LU 

N4 

TOIL 

LU 

Li. 

Li. 

Li.  LL 

LL 

LL 

LL 

LL 

LL  LL 

LL  LL  LL  LL 

Ll 

LL 

LL 

ll 

LL 

Ll  Ll 

LL 

LL 

LL 

LL 

TABLE  B 1  -  DISTANCE  FROM  GROUND  INSTRUMENTS  TO  THE  NOSE  OF  MOLE 


POINTS  POSITION  1981 


276 


id 

** 

<0 

m 

.  i 
.  4 
.6 

.7 
.  9 
.  1 

0) 

Of 

IP 

7 

0 

2 

4 

z 

0 

9 

9 

P 

Of 

id 

Cl 

O  •>“  CN 

3 

4 
6 

6 
6 
6  . 
6  . 
7. 

<0 

Ol 

CM 

oi  in  id  t" 

t"  co  05  —  cm 

Of 

co 

ID 

LP 

GO 

Of 

Of 

CM  Of  CM  Of 

«  «  n  n  n 

co 

oi 

0) 

m 

01 

id 

co 

o 

.  3 
.6 

co 

0) 

co 

oi 

oi 

oi 

ci 

co 

0) 

- 

0) 

Of 

CD 

CD 

CM 

o 

Of 

TT 

•<r 

CD 

co 

Q. 

CP 

(0 

0) 

O  - 

Of 

co 

5 

G 

ID 

ID 

CD 

CD 

co 

o 

Of 

oi 

in 

CD 

0- 

CO 

o 

•*- 

CM 

CM 

co 

IP 

o* 

CM 

Of 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

oi 

oi 

ro 

01 

co 

co 

rt 

in 

o 

.  7 
.0 
.  2 

oi 

in 

0-  O* 

2 

3 

in 

co 

- 

8 

9 

P 

Z 

0 

0 

8 

9 

E 

z 

0 

8 

Cl 

in 

o 

1 

3 

4 

in 

CD 

h- 

7 

7 

9. 

0. 

Of 

Tf 

in  cd  t-  o)  0)  o  *- 

cm  co 

co  in  cd 

CP 

IP 

GO 

0) 

CM 

Of 

CM 

CM  CM  CM  CM  CM  CO  CO 

CO  CO 

CO  CO  D 

oi 

in 

o 

CM 

r~  O  cm 

co 

in 

0- 

0-  0- 

CM  (0 

in 

co 

*. 

3 

6 

8 

0 

0 

2 

4 

6 

9 

z 

0 

6 

a. 

CD 

r- 

CO 

0)  O  CM  CO 

in 

CD 

CD 

CD 

CD  CD 

CO  0)  O 

CO 

•o-  in  cd  co  co  0)  O 

CM 

CM  MT  in 

IP 

CM  CM  CM 

CM 

Of 

CM 

CM 

CM  CM 

CM  CM 

r> 

CO 

CO 

co  o  n  n  o  n  ^ 

^  ^  Tf 

Of 

CD 

LU 

0) 

— 

CO 

CD 

0) 

CM 

CD 

CD 

CD 

CD 

CD 

CO 

CM 

o 

CM 

in 

h* 

cn 

o> 

— 

CO 

in 

O- 

cn 

— 

P-4 

CO 

o 

0) 

CM 

CO 

CD 

CO 

0) 

0) 

0) 

01 

CD 

in 

CM 

CO 

CD 

co 

oi 

O 

O 

CM 

CO 

in 

ip 

CD 

CO 

IP 

•<T 

z 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

Of 

CO 

CO 

co 

CO 

CO 

CO 

CO 

"O' 

Tf 

CD 

01 

CO 

CD 

cn 

— 

CM 

■<T 

CD 

CD 

CD 

CD 

CD 

CM 

O 

CM 

in 

cn 

cn 

— 

co 

in 

cn 

— 

a 

CD 

X 

CD 

co 

cn 

O 

CO 

in 

CD 

CD 

CD 

CD 

CD 

co 

cn 

o 

CO 

in 

CO 

cn 

O 

Of 

CM 

co 

IP 

IP 

h- 

CM 

CM 

Of 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

co 

CO 

CO 

CO 

CO 

CO 

CO 

co 

co 

•O' 

•O' 

o 

r* 

co  o  cm  in  eo  o 

CO 

in 

in  in 

5 

5 

0 

CO  CD  0) 

CD 

co 

8 

0 

2 

4 

6 

6 

8 

0 

LU 

00 

o 

^  id  r*  co  cn 

CM 

CO 

rr  tt  CD 

oo  cn  O  cm 

CO 

•<T 

in 

inr-ooCTiOO^co 

z 

•O' 

--  Of 

CM 

CM 

CM 

CM  CM 

CM  CM  Of 

CM 

Of  CM  CO  CO 

CO 

CO 

CO 

cocococon^^n 

LU 

CO 

in 

oo 

CO 

■*r 

CD 

CD 

00 

CD 

GO 

co 

CO 

CD 

01 

CM 

o- 

01 

CO 

in 

6 

6 

CO 

cn 

• 

o 

LU 

co 

< 

o 

CM 

co 

LP 

CD 

o* 

co 

01 

01 

01 

01 

O! 

CM 

CO 

n 

CD 

GO 

01 

•*- 

CM 

CO 

•O' 

in  in 

co 

Z 

Li. 

CM 

CM 

CM 

CM 

CM 

Of 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

O' 

O' 

O' 

CD 

CO 

t-  CO  LP 

01 

CM 

O 

CD 

CD 

CD 

CD 

CD 

CM 

O 

0 

2 

5 

r~  oi 

oi  —  co 

in 

7 

7 

9 

CD 

LU 

a. 

CD 

X 

cd  eo  oi  o 

CO 

O' 

in 

CD 

CD 

CD 

CD 

CD 

CD  01  O 

CO 

O' 

in 

CD 

r~  cn  o 

CM  CM  CO 

in 

IP 

O' 

i- 

f-  CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO  CO  O' 

O' 

O  O  O' 

O’ 

h- 

z 

co 

0 

2 

5 

8 

0 

co  in  in  in  in  in  o 

CO 

CD 

01 

o 

CD  CO 

8 

0 

2 

O' 

CD  CD  CO  O 

• 

o 

1-4 

co 

a 

o 

6 

7 

8 

01 

— - 

CM 

CO 

O' 

O' 

o 

O 

O 

CD 

r* 

00  CD  O 

CM 

CO 

O' 

in 

in  co  (D  O  O  •*“ 

CO 

LP 

O' 

LU 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

co  co  co 

CO 

O'  O'  O' 

O' 

O’ 

K 

CO 

in 

CO 

CO  O' 

CD 

CO 

CO 

CD 

co 

co 

CO 

O' 

CD 

01 

CM 

O' 

in 

01 

CO 

IP 

01 

OI 

CO 

CD 

LP 

CO 

*— « 

o 

CM 

CO 

in 

CD  t" 

CO 

<n 

01 

01 

01 

01 

-- 

CM 

CO 

O’ 

CD 

co 

01 

CM 

CO 

o 

IP 

in 

CD 

cn 

O’ 

o 

CM 

CM 

CM 

CM 

CM 

CM  CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

o 

O' 

O' 

O' 

o 

o 

o 

o 

o 

IP 

LU 

CD 

0) 

CO 

CD 

01 

— 

d 

O 

CD 

CD 

CD 

CD 

CD 

— 

CM 

o 

.7 
.0 
.  2 

IP 

h- 

01 

01 

— 

co 

ip 

01 

— 

o 

CO  O 

CM 

CO 

in 

CD 

CO 

GO 

CO 

CD 

CO 

o 

•«- 

CM 

CO  IP  LP 

CO 

01 

01 

CM 

co 

IP 

z 

o 

•»-  CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO  CO  CO 

CO 

CO 

CO 

CO 

•O' 

CD 

01 

CO 

CD 

01 

— 

CM 

O 

CD 

CD 

CD 

CD 

CO 

— 

CM 

O 

f" 

o 

CM 

in 

01 

01 

CO 

in 

r- 

01 

CL 

LP 

CD 

CO 

01 

o 

CO 

O' 

IP 

CD 

CD 

CD 

CD 

CD 

co 

01 

o 

«*— 

CO 

o 

in 

CD 

r-* 

r- 

01 

o 

«- 

CM 

CM 

CO 

in 

LP 

O' 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

co 

co 

CO 

o 

O’ 

o 

O 

o 

o 

CO 

Q. 

in 

0 

2 

4 

7 

0 

2 

CO 

in 

r- 

.2 

.3 

.5 

CO 

— 

CO 

ID 

.8 

.0 

.0 

2 

.4 

CD 

co 

8 

.0 

.2 

LP 

CO  0)  O  CM  CO 

o 

in 

CD 

CD 

CD  CD 

CD 

00  01  O 

CO 

o 

in 

ID  CO  CO  01  O 

•r- 

CM 

CM  O  IP 

LP 

O 

CM  CM  CM  CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM  CM  CO 

CO 

CO 

CO 

CO 

CO  CO  CO  CO  o 

o 

o 

0-0  0 

CM 

Q_ 

d 

CO 

in 

NOniniDBOOOOOiniDco 

•r“ 

n 

ID 

01 

CO 

CO  IP 

01 

01  01 

IP 

O  CN  01 

in 

ID 

co  co  co 

CO 

CO  01  O 

CO 

•O’ 

in 

ID 

co  oi  oi  o 

CM 

n  n  in  id 

cn 

in 

co 

01 

^  ^  ^ 

CM 

CM 

CM 

CM 

CM 

CM 

CM  CM 

CM  CO 

01 

01 

CO  CO  CO  CO 

LU 

o  in  o  O  in 

oinooooooinomininoooooooinooinin 

z 

o 

in 

IP 

in 

CM 

O  oi  oi  oi 

01 

CO 

CO 

CO 

•O’ 

CN 

COlPOCOLPLPOO^TO 

►— 

n 

GO 

CM 

CO 

CO  01 

CM 

CO  CO  CO 

01 

01 

r-* 

CM 

01 

O  01  o  CN  01 

r-  oo 

CM 

01 

in  o-  oi 

o  o 

O  O 

^  ^  ^ 

o 

o 

o  o 

o  o  o 

LU 

lp  r- 

r- 

co  co 

CO 

CO  01  O 

CM 

CO 

CO 

in 

in 

in  in 

ID  ID 

ID 

ID 

id  O'  0- 

K 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM  CM 

CM  CM 

CM 

CM 

CM  CM  CM  CM 

IP 

>— 

< 

CO 

CO 

CO 

CO 

CO 

co  m 

CO 

CO  CO  CO 

CO 

CO 

CO 

CO 

CD 

CD 

CO 

CO 

CO 

00  CD 

CD  00 

CO 

00 

00  CO  00  CO 

2 

in 

o 

LU 

LU 

LU 

LU 

LU 

LU  LU 

LU 

LLl  LU  LU 

LU 

LU 

LU 

LU 

LU 

LU 

LU 

LU 

LU 

LU  LU 

LU  LU 

LU 

LU 

LU  LU  LU  LU 

Li. 

U. 

U. 

Li. 

Li. 

Li.  Li. 

Li. 

li.Li.Li. 

Li. 

Li. 

Li. 

LL. 

Li. 

LU 

Li. 

Li. 

LL 

U.  Li. 

U.  LU 

LU 

LU 

LU  LU  LU  LU 

TABLE  B2  -  DISTANCE  FROM  GROUND  INSTRUMENTS  TO  THE  NOSE  OF  MOLE  (cont) 


POINTS  POSITION  1981 


277 


IB  OOtN'f'flCmONNTtCDCOOOWniCtOOOlIlfflONlIltDOtN'Iffl’-n 


a 

p^ 

in 

CO 

03  03  o  — 

r> 

*7 

in 

IB 

O)  03  O 

CM 

CO 

in 

in 

IB 

O'  <n  o  ■*- 

•»-  cn  tt 

IB 

(B 

GO 

CO 

i/> 

IT) 

co 

CO 

co 

03  co  ^ 

*7 

*7 

rr 

*7 

'T  tj  If) 

in  in 

in 

LT) 

in 

in 

in  in  ib  ib 

IB  U>  IB 

IB 

IB 

IB 

IB 

in 

0) 

.0 
.  2 
.  4 

IB 

.6 

.8 

.0 

.2 

(B 

8 

0 

2 

2 

4 

IB 

8 

0 

2 

2 

8 

0 

2 

4 

co 

CO 

CM 

O 

IB  — 

03 

in 

a 

IB 

IB  1"  CO 

03 

mown 

•O' 

in 

ID  CO  03  0)  o 

cm  tt  in  in 

ID  CO  03  O 

03 

O 

IB  O' 

CO 

00 

in 

in 

CO  CO  CO 

CO 

03  t*  tt 

O' 

^  t  ^  in 

in 

in  in  in  in 

in  in  in  ib 

IB 

IB 

IB 

IB 

IB  (D 

(D 

IB 

•>T 

in 

O 

IB 

CO 

o 

O 

CM 

O 

IB 

CO 

a) 

O 

CM 

(B 

IB 

co 

o 

CM 

o 

IB 

ID 

CM 

O 

IB 

CO 

- 

-- 

ID 

CO 

o 

in 

p^ 

03 

a. 

in 

P* 

CO 

03 

CM 

03 

o 

in 

in 

co 

0) 

O 

O 

-r- 

03 

o 

in 

ID 

IB 

CO 

03 

O 

03 

03 

O 

in 

p- 

GO 

03 

03 

cn 

in 

CO 

CO 

CO 

o 

O 

O 

o 

•O' 

•O' 

o 

O 

O 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

IB 

IB 

IB 

IB 

IB 

IB 

IB 

ID 

IB 

IB 

03 

in 

O’ 

IB 

CO 

o 

o 

CM 

•O' 

CO 

CO 

CO 

o 

CM 

T 

IB 

IB 

co 

O 

CM 

o 

IB 

IB 

CM 

o 

IB 

CO 

ID 

CO 

O 

in 

P* 

03 

a 

IB 

IB 

CO 

o 

o 

CM 

03 

o 

•O' 

IB 

03 

03 

0) 

o 

CM 

CO 

o 

in 

in 

p- 

CO 

03 

O 

CM 

CM 

03 

O 

ID 

p- 

co 

03 

in 

O 

O 

o 

O 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

m 

in 

IB 

IB 

IB 

IB 

id 

IB 

IB 

IB 

IB 

h* 

p^ 

p- 

r- 

CM 

IB 

UJ 

03  in  O'  03  03 

— 

(0 

0- 

03  — 

co  in 

in 

P- 

e 

0 

6 

in  in  — 

CO 

5 

7 

0 

0 

5 

7 

9 

4 

ID 

03 

t-4 

03 

o 

03  O  O  CM  CM 

O 

in 

ID 

p- 

p- 

CD  O 

**“  CM 

CM 

03 

ID  h 

co  co  O 

cMOSininifit-coo 

CM 

in 

o 

2 

n  in  in  in  in 

in 

in 

in 

in 

in 

in  id 

IB  IB 

IB  IB 

IB  IB  IB 

ID  ID  O' 

p- 

t-r-r-t'-t^r-r-co 

CO 

co 

ID 

.3 

.5 

.7 

.9 

03 

03 

r- 

0- 

03 

- 

.3 

5 

.5 

7 

03 

— 

co 

in 

in 

- 

03 

5 

7 

0 

0 

5 

7 

9 

4 

IB 

co 

a 

IB 

I 

ID  O-  00 

03 

03 

CM 

co 

O 

•O’ 

in 

CO  03  03  O 

(0 

o 

in 

in 

CO 

03  O  CM  CM  03 

in  i" 

CD 

03 

in 

O 

K 

^  ^  'T 

O 

O 

in 

in 

in  in  in 

in 

in 

in  in  in  ib 

IB 

IB 

IB 

IB 

IB 

IB 

ID 

ID  c~  r~  0-  0-  0- 

p* 

r- 

o 

CM 

O 

IB 

8 

8 

.0 
.  2 

in 

ID 

IB 

8 

.0 

.2 

O' 

o 

IB 

8 

.0 

2 

o 

4 

0 

2 

4 

IB 

03 

03 

o 

IB 

CO 

CO 

in 

r- 

LU 

CO 

o 

O 

in 

ID 

o>  o>  03  O 

*- 

CM 

CM 

co  in  co 

p^ 

CD 

03  ^  CM 

CO 

co  in  ip  p* 

CM 

03 

03 

CM 

CO 

in 

IP  h- 

2 

O 

O 

O 

•O' 

rr  n 's-  in 

in 

in 

in 

in  in  in 

in 

in 

in 

in  ip  id 

IB 

ID  ID  ID  ID 

IB 

IB 

IB 

P^ 

p^ 

p* 

0) 

LU 

UJ 

CJ> 

< 

in  o-  03 

03 

in 

p- 

9 
9 
.  1 
3 

in 

0-  03 

— 

CM 

in 

7 

7 

3 

in 

03 

CM 

CM 

p* 

03  —  ID 

CD  O 

CO 

03  O  — 

CO 

CO 

O' 

in 

IB 

o»  o-  03  O 

CM 

CM 

CO 

in 

IB 

p- 

CO  CD  O 

CM 

03 

in 

in 

ID 

0-03  0 

**  CO 

2 

o 

U. 

n  in  in 

in 

in 

in 

in 

in 

in  in  in  id 

IB 

IB 

IB 

ID 

IB 

IB 

IB 

ID  ID  P^ 

p- 

p* 

P- 

p*  p^  co 

CD  CO 

co 

a 

IB 

03 

in  o- 

.9 

9 

CO 

in 

f- 

03 

— 

CO 

.5 

5 

7 

03 

CO 

in 

in 

— 

3 

5 

7 

0 

.0 

5 

.7 

.9 

o 

IB 

co 

IB 

I 

IB 

p- 

co 

03  03 

CM 

03 

o 

O' 

in 

GO 

03  03  O 

CO 

o 

in 

in 

r- 

e003OcMCM03T*in 

p" 

co 

03 

in 

o 

1- 

o 

o 

o 

o  o 

in 

in 

in 

in 

in 

in 

in 

in 

in  in  ib 

IB 

IB 

IB 

IB 

IB 

IB 

IDIDI^-O-t^P't^t^ 

2 

CM 

o 

ID 

co 

8 

.0 

.2 

in 

IB 

IB 

8 

.0 

.2 

o 

o 

6 

8 

0 

2 

o 

.4 

0 

.2 

o 

ID 

03 

03 

o 

IB 

CO 

03 

in 

P^ 

♦-H 

CO 

cr 

o 

in 

ID 

P^ 

0*  03  O 

CM 

CM 

03  in  ID 

p^ 

p^ 

CO  03  —  CM 

CO 

co  in  ip  p^ 

CO 

03 

03 

CM 

CO 

in 

IB 

P^ 

in 

o 

LL 

o 

o 

o 

o 

■<t  tt  m 

in 

in 

in 

in  in  in 

in 

in 

in  in  ib  ib 

ID 

ID  ID  IB 

ID 

IB 

ID 

IB 

r- 

p^ 

P^ 

P^ 

b- 

in 

P^ 

03 

03 

in 

p^ 

03 

03 

CO 

in 

P^ 

O-  03 

**- 

CM 

in 

P^ 

03 

in 

7 

9 

2 

CM  03  ■«-  ID  CO  O 

IB 

• 

in 

in  ID  O'  03  o  *- 

►— « 

co 

03  o 

03 

CO  o 

in 

ID 

P^ 

P- 

03  O 

CM 

CM  CO 

in 

IB 

CO 

CO 

O  CM 

cm  co  in 

CO 

in 

Q 

o 

in 

in 

in 

in  in 

in 

in 

in 

in 

in 

IB 

IB 

ID 

IB  ID 

IB 

ID 

IB 

ID 

IB 

P- 

p^ 

p- 

p-  p^  p^  co  co 

IS 

in 

UJ 

IB 

CO 

in 

0- 

03 

0)  •*■“ 

03 

in 

P^ 

03 

*- 

03 

in 

in  p> 

0) 

- 

CO 

in 

in 

- 

co 

.5 

.7 

.0 

0 
.5 
.  7 
.9 
.4 
.6 

CO 

•o* 

CO  03  O 

CO 

o 

in 

IB 

IB 

P^ 

03  O 

^  CM 

03 

in 

IB 

P*- 

p- 

03  O 

**-  CM  TT 

'T  in  IB  O'  03  O 

2 

o 

o 

O' 

in 

in 

in  in 

in 

in 

in 

in 

in 

in 

ID 

ID 

ID  IB 

IB 

IB 

ID 

ID 

IB 

ID 

p- 

p*  p^  p^ 

O-  0-  O'  0-  CD 

co 

IB 

03 

in 

p^ 

03 

03 

os  in 

P^ 

03 

CO 

in 

in  p- 

03 

*- 

CO 

IB 

IB 

n 

.  5 
.  7 
.0 
.0 
.  5 
.  7 
.9 
.4 
.6 

CO 

Q. 

(p 

IB 

P^ 

co 

03 

03  ^ 

CM 

CO 

o 

o 

in 

p^ 

co 

03  03  O 

CO 

o 

in 

in 

P- 

00  03  O  CM 

CM  CO  TJ-  in  P^  CO 

03 

in 

O' 

o 

o 

O’ 

o 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in  ip 

IB 

IB 

IB 

IB 

ID 

ID 

ID 

ID  P  P 

p^  p-  p^  p- 

p- 

co 

Q. 

in 

4 

6 

8 

0 

0 

2 

4 

ID 

CD 

8 

.0 

.2 

•o 

IB 

.  6 
.8 
.0 
.  2 

o 

in 

in 

CM 

IB  CO  -- 

.  1 
.6 
.8 
.0 
.5 
.7 

03 

(P 

id  r~  co  O  O  ■»- 

CM 

CO 

o 

o 

IB 

P- 

CO 

03 

03  O  CM  03 

o 

in 

in 

P- 

co 

03  O  CM 

CM  03  Tf  IB  O'  CO 

03 

in 

o 

O' 

o 

O' 

in 

in  in 

in 

in 

in 

in 

in 

in 

in 

in 

in  ib 

ID 

ID 

ID 

ID 

IB 

ID 

IB 

ID  O' 

r-  p^ 

P^ 

CM 

ft 

CM 

03 

CO 

03  in 

03 

03 

in 

p^ 

03 

03  -- 

in 

in 

03 

03 

in 

r* 

03  *-  ■fl’ 

'T  03  03  00  O  CM 

in 

co  O 

CM 

CO 

o 

IB 

IB 

co 

03  O  O  CM 

CO 

o 

in 

IB 

IB 

CO  03  O  CM  03 

n  ^  ID  MB  O 

in 

in 

CO 

CO 

O' 

o 

o  o 

o 

o 

o 

o 

•O' 

O' 

O' 

in 

in  in 

in 

in 

in 

in 

in 

in 

in 

ID  IB  IB 

ID  ID  IB  ID  IB  O' 

P- 

LU 

o 

o 

omooooooinoinoooinoinooinoinoooinooinino 

2 

o 

o 

O^rOfiOinOO 

CO 

in 

O  03 

CO 

O  O  CM  03 

nnoO’TinO''"' 

h~ 

O  O)  f 

o 

0-  03 

-r- 

03 

in 

GO 

03 

CM 

o 

P^  P- 

03  O  CM 

p- 

f'  03  O  CM  TT 

O'  O'  CO  O  03 

o  o 

o  o  o 

o  o  o 

o  o  o 

^  ^ 

o  o  o  -  -  - 

P- 

p^ 

p^ 

CM  CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

O  O 

o 

o 

o 

in 

in 

in 

in  in  in 

CD  CD  CD  IP  CD  (O 

IB 

h~ 

CM 

CM 

CM 

CM 

ooooooooooooooooooooooooooooo 

in 

h— 

< 

00 

CO 

00 

m  a  a 

o: 

Of 

Of 

Of 

cr 

Of 

cr 

Of 

Of  Of 

cr 

cr 

Of 

Of 

Of 

cr 

Of 

cr  cr  cr 

Of  DC  Of  C3f  C3f  Of 

a. 

2 

in 

o 

UJ 

liJ 

UJ 

UJ 

<  < 

< 

< 

< 

< 

< 

< 

< 

<1 

<  < 

< 

< 

< 

< 

< 

< 

< 

<  <  < 

<«<<<« 

< 

u. 

U. 

U_ 

u. 

22222222 

2  2  2  2  2  2 

2 

2 

2 

2 

22222222222 

TABLE  B3  -  DISTANCE  FROM  GROUND  INSTRUMENTS  TO  THE  NOSE  OF  MOLE  (cont) 


H  si  Ik  ■  I-' » '  • r; & ' ? ? ■  T I 


POINTS  POSITION  1981 


278 


<0 

.3 
.  5 
.7 
.0 
.0 
.0 
6 

4 

6 

9 

2 

r* 

O' 

- 

<  ro 

CO 

GO 

CM  CO 

05rororoo<Mrrrr05'-05 

a 

0 >  o 

05 

05 

05 

rr 

ID  O'  ®  o 

CM 

rr 

in  ro 

r- 

r'OcN0505inror'rorofflO'- 

in 

ro  t" 

r* 

O'  r~  ® 

s 

ro 

® 

ro 

m  ro 

ro 

ro 

ro  05 

05  05  05  05  05  05  05  05  05OO 

in 

® 

in  r~ 

05  CM 

CM 

CM 

® 

.6 

8 

1 

4 

05  05 

05 

05ro®ooinoif5fflfflOcM<roro'-05in 

a. 

IS) 

05  O 

co 

05 

05 

rt 

ID  t"  05  O 

*- 

CM 

rr 

in  ro 

o 

ro 

cMnninini^cocooo^ 

in 

ID  t" 

r- 

f- 

r- 

O'  O'  r'  ® 

® 

GO 

® 

ro 

ro  ro 

ro 

ro 

ro  05 

05  05  05  05  05  05  05  05  05OO 

rr 

05  •»- 

05 

ID 

® 

.6 

.8 

.0 

2 

.5 

8 

3 

CO 

05 

z 

0 

L 

rr 

rr 

05  rr 

9 

2 

2 

4 

6 

8 

0 

0 

5 

7 

9 

a. 

O  cm 

05 

rr 

rr  in  ®  a)  o  — 

CO 

05 

rr 

in 

r-  co 

05 

05 

05  CM 

05ininrot"roQQQ*-cM 

in 

in 

r-  r- 

r- 

O'  ®  ® 

® 

® 

ro 

co 

ro  ro 

ro 

ro 

ro  05 

0505C505C505OOOOO 

^  ^ 

n 

in 

05  — 

05  ID 

ID 

ID 

.8 

.0 

.2 

.5 

.8 

- 

r- 

CO 

1 

0 

2 

4 

^r 

05  rr 

9 

2 

2 

4 

6 

8 

0 

0 

4 

6 

9 

CL 

ID 

O)  — 

CM 

05 

n 

co 

rr 

("  ®  0)  o 

CM 

CM 

0) 

rr 

ro  O' 

ro 

ro 

05  O 

OcMCMcorrint^r'f'Coro 

to 

r-  co 

m 

® 

CD 

® 

® 

®  ®  ®  05 

o > 

ro  05  05  ro 

05 

05 

05  O 

ooooooooooo 

^  w-  ^  ^  ^  ^  ^ 

CM 

ID 

UJ 

8 

0 

2 

in 

in 

in 

9 

1 

4 

7 

0 

0 

2 

ro 

05  — 

CO 

05 

ro  05 

ro'-'-05inp'05  05rrroro 

• 

— 1 

►H 

n 

o 

cm  rr 

in 

ro 

ID 

ro 

05  —  CM  05 

in 

in 

ro 

r- 

ro  o 

CM  rr 

inr'f'C005O'-'-cM05rr 

to 

*7 

z 

m  m 

GO 

m 

m 

® 

o 

®  05  05  05 

05 

ro 

05 

05  o 

ooooooooo------ 

ID 

8 

0 

2 

5 

in 

in 

O5'-<-O'OOCMt0O5'- 

05 

05 

co  n 

ro  —  '-05inc'050505inf' 

UJ 

a 

ID 

i 

05  — 

CM 

05 

05 

CO 

rr 

10  CO  05  O  CM 

CM 

05 

rr 

in  O' 

ro 

ro  05  o 

OcMCM05rrinroror'roo5 

to 

rr 

K 

r-  co 

® 

® 

® 

® 

m 

®  ®  ®  05 

05 

05 

05 

05  05  05  05  05  O 

OOOOOOOOOOO 

o 

t"  ® 

y- 

If* 

6 

8 

0 

3 

6 

05 

05 

_ 

in 

8 

0 

2 

CM 

r*  cm 

7 

0 

0 

3 

5 

7 

9 

9 

4 

6 

8 

y— 

• 

U. 

LU 

® 

o 

®  o 

y- 

CM 

<■  ID  O'  ® 

05 

05 

CM 

co  in 

ro 

ro 

co 

a)^^cMnrTinintpr-co 

Z 

rr 

CO 

CO 

® 

m 

® 

®  ®  ®  ® 

m 

® 

05 

05 

05  05 

05 

05 

05  05 

05OOOOOOOOOO 

LU 

0 

2 

4 

0) 

1 

3 

6 

9 

CM 

CM 

^r 

o 

'-05ininoinO0505inr'05'-'-ro®o 

05 

• 

L> 

UJ 

os 

< 

n  <■ 

in 

ID 

ID 

ID 

r~  O  cm  05 

in 

in 

ID 

o>  o 

co  rr 

6 

7 

7 

8 
9 
0 
2 
2 
2 
3 
5 

z 

*7 

LU 

m  ® 

® 

® 

® 

CO 

a 

05  05  05  05 

05 

ro 

05 

05 

05  O 

OOOOOOOOO'-'-'-'*-’- 

GO 

LP 

UJ 

CL 

IP 

I 

in 

rr 

1- 

h- 

z 

• 

O 

CO 

DC 

in 

LL. 

t- 

ip 

1/5 

CO 

t— > 

in 

n 

O 

in 

IP 

UJ 

rr 

z 

rr 

rr 

IP 

CL 

IP 

in 

■<r 

n 

in 

CL 

tp 

in 

rr 

CM 

CM 

CL 

in 

in 

in 

roocMinininf'Os  —  rr^oocMroos'-ososronro  —  —  05tnt^050505int- 

05'-cM05  05  05<roro05OCMCM05rrint'.roro05OOcMCN05'rinrorot-'ro05 
Ne0(0®(0(0(0O(sffl0)0)0)0)0i0)0i0i®0)OOOOOOOOOOOO 


f''05'-t^t'-t'-rofflO05ro05  05'-inBOcMCMt^cMr'OO05int^05  05'Troro 

i^coO'^**'-cM'«Twr'000)0)'-cNr)inu>u)i^ooo)'-'-cNnTrif)tn»fl(^eo 

f~t^00000000C0000000e0CD00050)0)0)0)030>0)0)OOOOOOOOOO 


OcM'j't''t'-f'05'-05ro05CMCMrrffl'-05ininOinO05C5inr^05’-'-roroo 

05rrinrororot^O'-cMC5ininror'*05O'-'-05<ror't^roc5OcMCMCM05in 
®fflrororororoc5  05  05  05  05  05  05  05  05OOOOOOOOOO’-  —  '-'-  —  — 

roocMinintnt^05’-rrt^oocMroa5'-05C5®05ro'-’-05ini^a505'rroo 

•'-05rrmininroroO'-cM'?'rinrof'05OO'-cMC,5'rrrinroi‘'roro05O'- 
eo®cooDeocoeoooo)0)a)0)0)0)cno)0)0000000000000'-  — 


roOcMinininr'05'-'Tr'OOcNroa5'-0505ro05ro'-'-r5int-'0505rrroro 

C5'-CM050505rrroro05OcMCM05rrinr'roro05O'-cMCMC5rTinroro0'ro05 

r>-rofflffl®rororororo0505050505C5a50505a5OOOOOOOOOOOO 


05  —  05rororo®OCMlf5ro'-'-05r^OCM<’'<05rr05CMCM<roroOOint^05 

0)'»-wc>nn'<Tt'-ffl0>O<NCMrr>'»-®i''®®a>O’-tNCMC'>TTtr>t^t'-r'-®cn 
r'®rofflfflrororoffl®G5  05  05  05  05  05  05  C50505OOOOOOOOOOOO 


CMrrro050505'-05inO'-rrrrroO05int^t^cMr'CMininf'05'-05  05roocM 

'-cM05rrrrrrroroa)OcMC,5c,5rTrot,'coa505'-cM'Tininror'a5000cMC',5 

t^r»,t^f^r^r-r'f^r~®®®ffl®ro®®®M®®®a)CT)®ma)00000 


OOOOOOinoOOinoOOinosinOOOOOOOOinOinOOOin 

Orjr)'tOO’-nnO’-NOnnrMnnO’-nooO''fifltOnO'f 

f'ffl05Oinf-'ffl05OcM05rrf'05OcM05rrr'05CM'rinf'05O05'rr't^a5O 
OOO— '-OOO'-  —  —  r-00  —  '-'-'"OO’-  —  '-OO’-'-'-OOO'- 


m 

z 


1/5 


ui  roroffl0)®OOOOOOO'-'-,‘'',-’‘ttNNNnnnnnnic(iMr(D 

k  00000'-'-  —  '---  —  '-'’--'-'"  — 

<  a.a.a.a.a.a.occca.cx.a.a.DLDCDccca.a.DCDca.cca.CLa.Dca.cca.DCDca. 

Q  <<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 

55ZS2SS2SZ2525Z222S5222Z552ZS2S2 


TABLE  B4  -  DISTANCE  FROM  GROUND  INSTRUMENTS  TO  THE  NOSE  OF  MOLE  (cont) 


279 


list  BAYS 

■SIT.  SS SB 

BSCSMSOB 

ss 

isss 

ass 

3.3S17 

PIIIUAOT 

1 

1SS1 

77  .  S 

13317 

mautiT 

a 

1  SS  1 

73  .  S 

S.SSS7 

fCBSUSSr 

• 

1SS1 

SI  .S 

S.SII7 

sssswasy 

• 

1SS1 

SIS 

1.3S17 

PIBSWAST 

• 

1SS1 

ss  .s 

a.ss>7 

rsssussv 

• 

1SS1 

ss  .s 

S.SSS7 

MIIUABT 

«• 

1SS1 

ss .  s 

a.ass7 

rillUAR* 

to 

1SS1 

SIS 

13117 

1 1 

1SS1 

S7 . 0 

a.pst7 

1 1 

1SS1 

37 .0 

a ■ 3317 

MIRUAtT 

ii 

1SS1 

SS  .  0 

a. 3337 

rcieuAtv 

13 

1SS1 

SS  .0 

3.3837 

Piuuaiv 

18 

1SS1 

sa .  • 

3.3S37 

rsssussv 

17 

1SS1 

sa.s 

1.3317 

fliauaiv 

IS 

1SS1 

SS  S 

3. 3337 

Fteauaav 

IS 

1SS1 

SS  .3 

3. 3337 

rsssussv 

S3 

7  SS  1 

ss  e 

3. 3337 

rBSBUASV 

as 

1  SS  1 

isa  s 

3  3337 

•URCR 

7 

1SS1 

1  1  1 .3 

3.3337 

S83S1«SS 

8I3SI  etas 

tSCSTISS 

3.SS37 

s.s 

•SS  ss 

s 

s 

3.3833 

s .ssss 

•as  as 

s 

S  1  ss 

3.3333 

s  ssss 

•is. ss 

s 

S3SS 

3 . 3333 

S . SSSS 

•1S.3S 

s 

ssss 

3.3333 

S . 1 1SS 

•7. as 

s 

ssss 

3.3313 

s  SSSS 

•7 .  as 

-s 

1  sss 

3 . 3SS3 

s. i ass 

•s .  as 

•s 

1  sss 

a.sssi 

s . ssss 

•  1  7S 

•s 

ssss 

— 

— 

1  .ss 

•s 

ssss 

a.asss 

S.  1  33S 

s  ss 

•s 

3SSS 

a. 3333 

•S.SSSS 

S  .  7S 

•  s 

3SSS 

a .3SS3 

•S.S8S1 

3  .  SS 

•  s 

s  tss 

a.asss 

-S.SSSS 

is .  as 

-s 

S  1  ss 

a . 331S 

S  S3SS 

17 . 73 

•  s 

1  sss 

3.3318 

•S.SSSS 

33  .  SS 

•s 

1  sss 

a . 3813 

s  ssss 

as .  as 

•s 

i  ass 

3 . 3330 

•S.SSSS 

as .  ss 

•s 

i  ass 

3 . 3838 

•S.SSSS 

31 .  as 

•s 

1  1  ss 

3.3838 

•S  1 sss 

sa .  as 

-s 

1  sss 

a . as  as 

•S . 1 1S1 

SI  .ss 

•s . 

1  sss 

- 1 - 1 - 1 - 1 - 1 - 1 - »■ 


i 


DISTANCE  CD 


gure  B. 1  ME 5  MP#1  D=2.35m 


• 

280 


MBIT  MIIT  H  s 


TIMt  RATS 

IRIT.  RCAO 

RIAAIRtt 

tltPl  CMS 

C  SCAT  I RM 

•CIHttl  St 

mo 

St  .A 

• • STtt 

4. STtt 

R  .  R 

•SB  AA 

•  O 

lit  1 

77  .  • 

R.ATtt 

4 . STAR 

: 

M 

R 

R 

•SA  SA 

ARIA© 

IBRUARV  s 

lit  i 

Tt  .  • 

• .STtt 

4 .STtt 

R.RSRR 

•  It .AA 

©  ASA© 

BRRUARY  • 

i  tt  i 

1 1  .  • 

•  STtt 

4 .RTSS 

R.RTtR 

•14  4© 

A . ©BRA 

IIKUAtT  « 

Itt  1 

tS.R 

• . STtt 

4.ATAJ 

R  RRBR 

•T  .  SA 

A . AAR© 

CtRUARY  A 

Ittl 

Ml 

A. STtt 

4 . 4771 

•A. RASA 

•T.  SA 

•A . 1 At© 

IttUARV  A 

Itt  1 

AS  .  R 

4 . STtt 

R.ATtt 

R  .  1SSO 

•4  .  SA 

-4 . Itt© 

CtRUARY  1© 

Ittl 

tt .  • 

4  .  STtt 

4 .STtt 

A . A1RA 

•  1  .  TA 

•A . SR t© 

BtRUARV  10 

Ittl 

tt  • 

4  STtt 

4. STtt 

A  -  A  IRA 

1  .  RA 

•0  S4 A© 

Ittl 

ST  .0 

4 .STtt 

4 . 1 74  t 

A  ©400 

B  4  A 

•© . 340© 

CtRUARY  11 

Ittl 

t  T  .  0 

4 .STtt 

4 . STtt 

•A . A4R0 

R  .  TO 

•A. SABA 

ttAUAAY  IS 

Ittl 

AA.A 

4  .STtt 

4 . A74t 

•A  AIR© 

t  .  A© 

•A  4100 

SRRUARY  IS 

Ittl 

tt  .  • 

4 . STtt 

4 . S7SA 

•A.A4SO 

14  SO 

•A  tit© 

■RRUARY  1« 

Ittl 

ts  -  • 

4 . STtt 

4 . RTT3 

•A . ©St© 

IT  T© 

•A  ISA© 

■BRUARV  1? 

Ittl 

ts  © 

4 . STtt 

4 . S77S 

•A . At A© 

SS  AA 

•A . 1400 

CtRUARY  It 

Ittl 

M  .  • 

4 .STtt 

4 . S77S 

•A.AAIO 

St  .  SO 

•A . ISA© 

CtRUARY  It 

Ittl 

tt  .A 

4 .STtt 

4  tTTS 

•A .Alt© 

SR  •  40 

•A. ISA© 

CtRUARY  SS 

Ittl 

tt  .4 

4 .STtt 

4 . RTSS 

• A . 1 1 AA 

SI  S© 

•0 . 1 1 AO 

IRRUARY  St 

Itt  1 

IRS  ■  • 

4  STtt 

4 . RTRR 

•A  ISA© 

4  S  .  SO 

•© . 1400 

MARCH  7 

Ittl 

1  1  1  .  R 

4 . STtt 

4 . RTRR 

-A. ISA© 

41  .  AA 

•A  1040 

DISTRNCE  01) 


Figure  B.2  ME5  MP#2  D=4.88m 


t 

281 


«AM«T  MIIT  II  3 


tint  aars 

1*17.  IIA9 

iiaiiiib 

#1891  CM8 

19C4TI89 

IICIMMI 

ta 

taaa 

9 .9993 

a. 9993 

9 . 4 

•39  99 

9  9 

i 

taat 

tt.A 

9 . 9993 

9.9999 

•9.9448 

•39.39 

9 .9199 

rillUAIT 

a 

taat 

ta.i 

9.9993 

9.9813 

•9 . 9999 

9  9399 

FtIRUAIT 

a 

taat 

at  .• 

a. 9993 

9  9993 

9 . 9999 

9 . 9999 

MBRUAIT 

a 

taat 

aa  .9 

9.9393 

a  aaaa 

9 . t 1*9 

•7 . 39 

9.9989 

ritBUABT 

a 

taat 

a«  • 

9 . 9993 

9.9983 

-9.9998 

•7.39 

•9. 1999 

raiiiMiv 

a 

taat 

as  .• 

4 . 9993 

8.8873 

9  139  1 

•4 . 39 

•9  1899 

RiiiuAir 

«• 

taai 

aa .  a 

1 . 9993 

a. aaaa 

•9.9199 

•  1.79 

•9  3999 

niiuiiT 

it 

taat 

aa  a 

a . 9993 

a . aaaa 

9.9889 

1  .  99 

•9  3999 

flMUAlr 

1 1 

taat 

a*  • 

a. 8889 

O 

• 

: 

9 

a  49 

•9 . 3499 

RIIIUAIT 

1 1 

taai 

a*  9 

a . 9993 

a . aaaa 

0  9391 

9.79 

•9  3499 

rtaftUAtT 

ta 

taai 

aa  9 

a . 9993 

a . aaaa 

•9 .9199 

a  aa 

•9  4 199 

•a  .9 

a . 9993 

a . aaaa 

•9 .9198 

•a  aiar 

PIIAUAIT 

ta 

taai 

aa  o 

a . ta93 

a  aaaa 

9 . 94*9 

•9  1999 

raaauaav 

ta 

taat 

aa  a 

a  9993 

a  aaaa 

9  9199 

•9  1999 

riaagaav 

ta 

taai 

94  9 

a . 8993 

a . 8999 

9.9999 

•9. 1 3B9 

aaaaaaav 

ta 

iaai 

aa .  a 

a  9993 

a. aaaa 

9.9191 

34  89 

•9  1399 

aaaauaav 

aa 

taai 

aa  .9 

a . 9993 

a  aaaa 

•9  1 199 

•9 . 1 199 

raaauaav 

aa 

taai 

taa .  9 

a. 9993 

a  aaaa 

•9  1399 

•9  1999 

■AatN 

a 

taat 

1119 

- 9 . 11*9 

a  t  89 

•9  1999 

DISTRNCE  01) 


Figure  B.3  ME5  MP#3  D=6.85m 


' 

282 


i«t  n.  « 


▼imb  aava 

ibit.  aaaa 

aaaa iaaa 

•ia*L  cms 

lacATiaa 

•ICIHHI 

aa 

uia 

aa 

• 

a. laaa 

a . iaaa 

a .  a 

•aa . aa 

a  o 

FIIKUAKT 

i 

taai 

33 

a 

a. laaa 

a  iaaa 

•a. aaaa 

-aaaa 

a .  a  i  aa 

*83*11*33 

a 

iaai 

3a 

• 

a . iaaa 

a . iaaa 

-a. aaaa 

•  iaaa 

a. aaaa 

*sa*u**v 

a 

taai 

ai 

a 

a . iaaa 

a. iaaa 

a. aaaa 

• ia. aa 

a . aaaa 

fliivar 

a 

iaai 

aa 

a 

a. iaaa 

a. 1230 

a .aaaa 

•3.ia 

a . aaaa 

*aa*ua*v 

a 

iaai 

aa 

a 

a . iaaa 

a . iaia 

a. aaaa 

-3.aa 

•a . iaaa 

rilBUiRT 

a 

iaai 

aa 

a 

a. iaaa 

a. iaaa 

a. aaaa 

•a  .aa 

•a. iaaa 

rasauaav 

ia 

iaai 

aa 

a 

a . iaaa 

a .  iaia 

•a . iaaa 

•1.3a 

•a . aaaa 

rillMRV 

«• 

iaai 

aa 

• 

a  iaaa 

a . i laa 

a . aaaa 

i  .aa 

•a  aaaa 

1 1 

iaai 

a3 

a 

a  «iaaa 

a.naa 

a. aaaa 

a  .  aa 

•a . aaaa 

1 i 

iaai 

33 

a 

a . iaaa 

a . iaaa 

-a . oiaa 

a  .3a 

-a  aaaa 

*aa*u**v 

ta 

iaai 

aa 

a 

a . iaaa 

a . i laa 

a.aiai 

a .  aa 

•a . a laa 

MiiuaT 

13 

iaai 

aa 

a 

a . iaaa 

a . i i3a 

•aaiaa 

ia .  aa 

•aaiaa 

raaauaav 

ia 

iaai 

aa 

a 

a. iaaa 

a . iaaa 

a . aaaa 

13.3a 

•a  iaaa 

reaawaav 

13 

taai 

aa 

a 

a. iaaa 

a  iaaa 

a.aaai 

aa .  aa 

•a . iaaa 

raaauaaT 

ia 

iaai 

aa 

a 

a . iaaa 

a . iaia 

a. aaaa 

aa .  aa 

•a  iaaa 

rttftuftav 

iaai 

aa 

a 

a. iaaa 

a . iaia 

-a  aiao 

aa .  aa 

•a  iaaa 

FBOCUARV 

aa 

iaai 

aa 

a 

a. iaaa 

a  iaaa 

•a  aaaa 

at .  aa 

•a . i ia« 

raaaw**v 

aa 

iaai 

laa 

a 

a. iaaa 

a . iaaa 

•a . iaaa 

aa  .aa 

•a . iaaa 

M**CM 

3 

iaai 

1 1 1 

a 

a . iaaa 

a . iaaa 

•a . i laa 

ai  .aa 

•a . laao 

DISTRNCE  (M) 


Figure  B.4  ME5  MP#4  D=8.13m 


' 

283 


1817  ©SSO 


•  im  cms 


IICIMIII 

ss 

1  sss 

as  • 

1S.SSSS 

IS. ssss 

s.s 

•as  ss 

s  e 

1 

<•11 

77  S 

1S.SSSS 

IS. ssss 

•s.ssse 

•IS  1© 

S . SIS© 

Sf 8SUAS7 

a 

1SS1 

7S.I 

IS. SSSS 

is. sssa 

•s.ssss 

•IS  1© 

s.sass 

ssssuasy 

• 

1SS1 

SI  .# 

1S.SSSS 

IS. ssss 

S . SSSS 

•  IS . 8© 

•  sss© 

riBSUAKV 

• 

1SS1 

sa.s 

1S.SSSS 

IS. ssss 

s.ssss 

-7  as 

s . ssss 

©ISSUARY 

• 

1SS1 

S«  .1 

IS. SSSS 

IS.SS7S 

s.ssss 

•  7  as 

•S  1 ss© 

rsssvssv 

• 

1SS1 

SS  0 

IS . ssss 

is. ssss 

s.ssss 

•s .  a© 

-•  1 sss 

MIIUMT 

IS 

1SS1 

ss  s 

IS. SSS* 

is. ssss 

S.S1SS 

•1  .7S 

•s  ass© 

©1888887 

IS 

1SS1 

ss  s 

IS . ssss 

IS. ssss 

s . ssss 

1  .  so 

-• . ass© 

1  1 

1SS1 

•7.S 

IS  ssss 

IS . ssss 

• . ssso 

s  .  ss 

-© . ass© 

1 1 

1SS1 

87  • 

IS. ssss 

IS. ssss 

-B.BSS1 

S  7© 

-© . ass© 

©ksrusry 

IS 

1SS1 

SS  0 

IS  ssss 

is. sssa 

S .SIS© 

s  so 

•©  SIS© 

riBRussY 

ts 

1SS1 

ss  • 

IS .ssss 

is.ssas 

•ssss© 

is .  as 

•S  BIBS 

rcssussr 

IS 

1SS1 

sa.s 

IS. ssss 

IS  ssss 

s . ssss 

17 .7© 

-S . 1 ss© 

PIHVAIV 

17 

1SS1 

sa  e 

IS. ssss 

is  ssss 

s  sass 

aa  s© 

•S  IBS© 

©isbusst 

IS 

1SS1 

ss  e 

IS  ssss 

is . ssss 

s .ssss 

as  a© 

•s . ias© 

©isaussv 

IS 

1SS1 

88© 

IS . ssss 

IS . ssss 

s.sass 

as  ss 

-s. ias© 

PIIRUAKT 

ss 

18S1 

SS  0 

IS  ssss 

IS  ssss 

•S.S8S1 

ai  .as 

•  S .  1  IS© 

©■©©mast 

ss 

1SS1 

i  ss  e 

IS. ssss 

IS . 8878 

•S.SSS1 

sa  a© 

-S . 1 sss 

MARCH 

7 

1IS1 

1110 

IS . ssss 

IS. SS7S 

•S.SSS1 

St  .ss 

-• . 1SS0 

DISTRNCE  (PD 


Figure  B.5  ME5  MP#5  D=10.86m 


284 


Tiaat  aa v t 

hit.  aaat 

atatiatt 

tltOk  CMS 

ttcaTita 

•ICINCII 

u 

Itt© 

is. tott 

it .tott 

o .  o 

•St  t© 

o .  • 

•to  a© 

0.010© 

FBtftUAar 

a 

«tt  1 

it .tttt 

ia . a  100 

•© . lit© 

•  it . to 

0  OHO 

MIIVART 

• 

Ittl 

1 1  .a 

la.toat 

11  toot 

• o  otto 

•  1©  to 

o.otto 

rtatuatv 

• 

Itt  1 

aa© 

ia . t©tt 

ii.aoao 

o .oitt 

•7  .  tO 

o  otto 

FIMUAKT 

a 

Ittl 

at  • 

ia  t©tt 

ia . ao7i 

O . ©It© 

•  7 .  a© 

•0 . tot© 

rtaauaav 

• 

Ittl 

at© 

ia  t©tt 

11  tott 

©oat© 

-t .  to 

•0 . its© 

Mllutir 

to 

Ittl 

at  .# 

11 . tott 

ia . aoto 

-©  oato 

-1.7© 

-•  Itt© 

PIBBUABT 

i# 

Ittl 

at© 

ia. teat 

11 . tott 

o  ooot 

1  .  to 

•o . too© 

1 i 

Ittl 

1 7  .0 

11 . toot 

o  ©too 

t  t© 

•o . ato© 

rttauaav 

1 i 

Ittl 

1 7  • 

ia  t©tt 

ii . iota 

-o . otto 

t  .  70 

•o . atto 

otaauaov 

ia 

Ittl 

at  • 

ii.toti 

11 . tott 

•0.0100 

t .  to 

•o  t too 

ritftUAtT 

ia 

Ittl 

at  • 

ia  tatt 

11 . toit 

©otto 

it .  to 

•OHIO 

Maauuv 

ia 

Ittl 

aa  .© 

ia . t©at 

11. tots 

o . otto 

17  70 

•O  Itt© 

ailRUAIT 

17 

Ittl 

as  o 

ia . tott 

11 .tots 

o  atoo 

ia .  to 

•O .  1  too 

rutuaav 

it 

Ittl 

t« .  • 

18. tOtt 

11  t 070 

o .oat© 

it .  to 

•O . Itt© 

miiuiit 

it 

Ittl 

at© 

ia  tott 

11 . toot 

o.oatt 

at  to 

•O  lit© 

aiaauaav 

aa 

Ittl 

at .  • 

11  tott 

11 . tott 

•O .  1  too 

ai .  to 

-  O  .  1  1  o© 

tBSawtO? 

at 

Ittl 

ita .  © 

11  tott 

11 . 0070 

-©  oaoi 

ti .  ao 

•O  1  too 

Haaca 

7 

Ittl 

111.0 

11 . 0071 

ooiao 

tit© 

•0  tot© 

■  —  —  i  —i  ■  -i - — r - 1 — - - i 


-45  -30  -15  0 


15 


30  45  50 


DISTANCE  01) 


Figure  B.6  ME5  MP£6  D=12.91m 


' 


285 


T  i  aw  ss ts 

1  ■ I T .  OSSO 

•SOS toss 

•  isot  can 

tseoTioo 

HCiMiia 

SS 

1  S  SS 

sso 

1S.SSSS 

14 . SSSS 

0.0 

•SS  SO 

0 . 0 

MIIUAIT 

i 

1SS1 

77.0 

is.stst 

14 . SSOS 

•  IS . 7000 

•SO. SO 

0.0100 

rssowso? 

a 

ISS1 

7S.O 

IS . SSSS 

14  SSSS 

•  IS . S7S0 

•IS  so 

O  OSSO 

psbsmaov 

• 

1SS1 

si . 0 

is.ssss 

14  SSSS 

•  14 . OSSO 

• io . so 

O . OSSO 

CttlUAIT 

• 

ISS1 

SS.O 

14  .  SSSS 

14  SSOS 

•14 • 1 SSO 

•7  .  SO 

o.osse 

fbsomasv 

• 

1SSI 

ss  .o 

14 .SSSS 

14 .SSSS 

•  14 . SSSO 

•7  .  SO 

•o . lose 

MMUAIT 

• 

ISS1 

SS.O 

14 . SSSS 

14  .  SSSS 

•14 . SOSO 

-4  .  SO 

•o . 1SSO 

mauAiv 

i« 

1SS1 

SS.O 

14 .SSSS 

IS.SSSS 

•  14 .SSSO 

•1.70 

•O . SSSO 

MHVAtr 

«• 

«SS1 

SS.O 

14 . SSSS 

14 . SSSO 

•  14 . 0400 

1  .  SO 

•o . sso© 

1 1 

1SS1 

S7  .O 

IS.SSSS 

IS.SSSS 

•  14 . 0400 

S  40 

•0 . SSOO 

1 1 

1SSI 

S7  o 

ta'llll 

IS.SSSS 

•  14 . S4S0 

S  70 

•O . SSSO 

PMBUAIV 

is 

1SS1 

SS.O 

14 . SSSS 

14  .  SSSS 

•  14 . SIOO 

s .  SO 

•0 .4100 

ssssusoy 

IS 

1SS1 

SS  0 

14 . SSSS 

14 . SSSS 

•  14 . SSSO 

14  SO 

•0 . B ISO 

naauaav 

IS 

1  SS  I 

SS.O 

14 . SSSS 

14  SS7S 

•  14 . SSSO 

17.70 

•O . 1SSO 

BmuAiT 

1* 

1  SS  1 

SS.O 

14 . SSSS 

14 . 0070 

44 .S700 

SSSO 

•O . 1SOO 

rtoausav 

IS 

1  SS  1 

SS  .  0 

14 . SSSS 

14 . SS7S 

•14  SOSO 

as .  so 

•0 . 1SSO 

raaauAt; 

IS 

issi 

SS.O 

14 . SSSS 

14 . SSSO 

•  14 . SSSO 

ss  so 

•O  1 SSO 

'liauaav 

SS 

1SS1 

SS.O 

14 . SSSS 

IS  0004 

•14.0100 

SI  .  SO 

•O  1 lOO 

mauaav 

SS 

1SS1 

10S  .  o 

14 . SSSS 

14 . SOBS 

•  14 . S lOO 

4S  .  SO 

•O  1000 

HABCM 

7 

1SS1 

111.0 

1 S  0004 

•  14 . SOSO 

01  .  SO 

•O  lOSO 

DISREGARD 


Figure  B.7  ME5  MP#7  D=14.81m 


• 

286 


MtUIT  MIIT  H  t 


tim*  aavs 

hit  aeaa. 

ataciaaa 

•IB»l  CHS 

ktcaviaa 

MCiMia 

aa  i»h 

aa  a 

la.vvaa 

ta.vvaa 

a  a 

•aa . aa 

o 

o 

1  108  1 

vv .  a 

ia  .was 

ia  vvaa 

•a.aaav 

•aa  aa 

a 

aiao 

rillUMT 

a  taai 

va  a 

ia  .was 

ia . vvaa 

•a. 1TS8 

•18.80 

a 

aaao 

atMUAMV 

•  iaai 

at  .• 

i a. vvaa 

ia  vvaa 

•a.aaaa 

• ia . so 

o 

aaaa 

naiHMv 

•  iaai 

aa  .a 

la.vvaa 

ia . vvaa 

•a.aaav 

•v.aa 

a 

aaaa 

FIIIIMIV 

•  (Ml 

aa .  a 

ia . vvaa 

ia  vvaa 

•a  aaaa 

•  v .  ae 

•  a 

taao 

mauAiT 

•  iaai 

aa  a 

ta.vvaa 

ta.vvaa 

a.aaaa 

•  a .  aa 

-a 

1880 

aaiiuAiT 

ia  iaai 

aa  a 

la.vvaa 

18 . TTia 

•a.aaaa 

•  1  VO 

-a 

aaao 

rtaouaot 

»•  iaai 

aa  a 

ia . vvaa 

tavvi a 

a.aiaa 

1  .  to 

•a 

aaao 

raaauAov 

it  iaai 

av  a 

ia  .vvaa 

ia . vaaa 

anai 

a  ao 

•  o 

aoao 

ii  iaai 

av  .a 

ta.vvaa 

i a  vvia 

•a .aaaa 

• .  vo 

•a 

a«oo 

f«b>uart 

ia  iaai 

aa  a 

ia  vvaa 

ia . vaaa 

a . aaai 

a .  aa 

•  o 

o  too 

riatuiiT 

ia  iaai 

aa  a 

ta.vvaa 

ia . vaaa 

a  at  aa 

ia  aa 

•  a 

aiao 

raaauaav 

ia  iaai 

aa  a 

ta.vvaa 

ia  vvaa 

a . avaa 

1  v .  vo 

•  a 

1080 

Piiauati 

iv  iaai 

aa  a 

ta.vvaa 

ia .  vvia 

a . isaa 

as .  aa 

•  a 

1800 

PCBBUABT 

ia  iaai 

aa .  a 

ta.vvaa 

ta.vvaa 

•a  aaai 

ao  aa 

•a 

i  aao 

f I8OUO0T 

ia  iaai 

aa  a 

ia . vvaa 

ta.vvaa 

a . aaaa 

aa  ao 

•  a 

taso 

rtaavaav 

aa  iaai 

aa  .a 

ta.vvaa 

ta.vvaa 

•a . aat  i 

si  .  aa 

•  a 

i  lao 

aaaauaav 

aa  iaai 

laa.a 

ta.vvaa 

ia . vvaa 

•a . aaaa 

aa  aa 

•0 

1800 

MAS  CM 

v  iaai 

1 1 1 .  a 

ta.vvaa 

la.vvaa 

•a . aaaa 

a  i .  ao 

-a 

1880 

-45  -30 


-16  0 


15  30  45 


CO 


DISTANCE  CM) 


Figure  B.8  ME5  MP#8  D=16.78m 


. 


287 


■©•917  ©9I9T  49  • 


▼in©  •©▼© 

1917.  ©84© 

©199 1989 

91991  cns 

L9C9TI9© 

•iciMcia 

as 

1  ••© 

a©.© 

19.9778 

19.9778 

9.9 

•99  9© 

• 

r©9©u©a v 

i 

i©ai 

▼7.9 

19.9778 

19.9798 

•4 . i a©8 

•8©  80 

9 

MMUttT 

a 

mi 

7©  .9 

19.9778 

1 8 . 9799 

•4 . 1444 

-19. ©4 

• 

r«©©u©©v 

• 

i©«i 

•  1  .  • 

19 .9778 

18.9778 

9.4449 

•19. ©4 

4 

flHUMl 

• 

i»©i 

•  8.9 

19.9778 

18.9799 

4 . 1  184 

•7 . 89 

9 

rmuAiT 

• 

i«©i 

94 . 9 

19.9778 

18.9788 

-9.9948 

•7.89 

•4 

P8©«U©©Y 

a 

«••! 

•  •9 

19.9778 

18.9748 

4.49S8 

•4 . 89 

•4 

▼■•©UAKV 

«• 

i©ai 

•  8.9 

19.9778 

18 .9748 

9  4188 

•1.74 

•© 

rmutiv 

i© 

«t©i 

9©  -  9 

19.9778 

18.978© 

9  4899 

1  .  ©9 

•© 

©■■©»*■▼ 

1 1 

mi 

97.9 

19k977S 

18 . 978© 

4.9989 

•  49 

•4 

8©©©U©Bv 

1 1 

i©«« 

97.9 

18.9778 

19.9788 

9.9948 

•  79 

•4 

FMauaar 

18 

i©8i 

99.9 

18.9778 

19  9788 

9 . 9899 

©  .  ©9 

-4 

PlltUAKT 

is 

i©*i 

9©  .  9 

18.9778 

18  9799 

9. 1989 

14 . 80 

•4 

riB©u*©v 

it 

i©«  i 

•  a  .9 

18.9778 

19.9748 

9. 1888 

17  74 

•4 

PIIBUABT 

i? 

i©#i 

■  8.9 

18.9778 

19  9788 

9 .8199 

88  •• 

•4 

flMUABV 

i© 

i©©i 

•  4  9 

19.9778 

19.9749 

9 . 8949 

88  84 

•4 

PlllVABf 

i© 

1©81 

•  •  .9 

19.9778 

19.9748 

4 . 1999 

88  99 

•4 

MIIUAI? 

aa 

1©©1 

•  ©  .  9 

19.9778 

19 .4788 

•9.9998 

81.89 

•4 

191 . 9 

19.9778 

18.9748 

9 . 9798 

48 . 89 

•9 

■©©CM 

7 

1 9  ©  1 

111.9 

19.9778 

19  97©S 

-9 . 9948 

819© 

•4 

DISTANCE  (Tl) 


Figure  B.9  ME5  MP#9 


D= 1 8 . 08m 


•  1*0 

•  tie 
•••© 
•••• 
1  e»o 
1  •»© 
!••• 
>i»e 

840© 

Mie 

a  too 

•  ISO 
«••« 
1*0© 
its© 
use 

t  to© 
1IO© 

i©*© 


' 

288 


MINT  MIIT  H  1 


tine  mti  i«iT.  aiu. 

leiMHl  aa  ft 

ItftUAOV  1  19 

■OOUttV  t  11 
IttUttY  •  If 

■ttuttv  t  10 

IttUttY  •  It 
IttUttY  It  It 
IttUttY  It  It 
IttUttY  11  It 
IttUttY  11  It 
IttUttY  It  It 
WIIUItY  It  It 

■ItUttY  It  It 
IttUttY  It  1 

Ittuttv  17  It 

IttUttY  It  It 
IttUttY  It  It 
IttUttY  It  It 
IttUttY  II  It 
MttCM  It  It 


touts 

titoi  e«t 

LtCtTItO 

tats 

0 

0 

•  to  OO 

o 

o 

tats 

o 

otto 

•11.00 

o 

lot© 

.  tata 

o 

1  too 

•t  .70 

o 

1  too 

tats 

o 

oooo 

•t  OO 

o 

1  too 

.tats 

-t 

oato 

•t  .  OO 

o 

otto 

tatt 

o 

OOOO 

•  a .  to 

0 

oaoo 

.  tats 

-© 

use 

•o .  to 

•  o 

otto 

.  tato 

•e 

nto 

a .  to 

•  o 

1010 

.tata 

*o 

1  too 

t .  to 

•  © 

aato 

.tato 

•  o 

aooo 

7  .  SO 

-o 

atoo 

.  taaa 

-o 

aioo 

11.00 

•o 

ttoo 

.tata 

•o 

1 1O0 

it  .to 

•  o 

tooo 

.tatt 

-o 

tato 

it .  to 

-o 

tato 

taia 

-o 

toot 

it  ao 

•0 

otoo 

.tatt 

-0 

tioo 

at  io 

•  o 

oioo 

ttoa 

•o 

tYOO 

S7  tO 

0 

otoo 

.  ttoa 

-o 

tote 

at  to 

o 

otto 

.ttoa 

*o 

tooo 

aa  to 

0 

otoo 

tt  ia 

•  © 

ooto 

ta  to 

0 

otto 

.  tt  it 

•0 

taoo 

iit.ee 

o 

070© 

DISTANCE  (TO 


Figure  B.10  ME9  MP#1  D= 1.43m 


. 

• 

289 


«*satT  miit  n.  a 


TIMt  atvt 

ItlT.  tttt. 

tttt ittt 

1 1 tt  L  CMt 

LtetTItM 

HCIMIII 

aa 

tttt 

at  .a 

a.tata 

a.tatt 

t .  t 

•tt . tt 

t 

t 

riaautav 

a 

ttat 

ti.a 

a. tan 

a . taaa 

tttt  i 

t 

tttt 

FlttUttr 

• 

ittt 

tit 

a  .tata 

a.tatt 

t . tati 

•t  .  7t 

t 

tttt 

rtaautav 

• 

tttt 

ta .  t 

a . tatt 

a . taaa 

t  tttt 

•  t  .at 

t 

tttt 

ttatuttv 

• 

ittt 

tt .  t 

a.tatt 

a.tatt 

t  tttt 

•t .  tt 

t 

tttt 

rtaautav 

• 

tttt 

tat 

a.tata 

a.tatt 

t . tttt 

•  a .  tt 

t 

tatt 

aaaauaav 

it 

tttt 

tt  .t 

a . tatt 

a. taaa 

- t . tatt 

-t .  tt 

•  t 

ttat 

aaaauaar 

«• 

tttt 

tt  .t 

a.tatt 

a  tata 

•t . tttt 

a .  tt 

-t 

ittt 

1 1 

tttt 

tt.t 

a  tatt 

a . tatt 

•t . tatt 

t .  tt 

•t 

aatt 

1 1 

tttt 

tt  .t 

a.tatt 

a . tata 

•t . tttt 

7 .  at 

-t 

attt 

riaawaav 

ia 

tttt 

tt.t 

a.tatt 

a . tatt 

-t .attt 

1 1  .  aa 

•  t 

tttt 

riaauiar 

ta 

tttt 

tt  t 

a.tatt 

a . tatt 

- t . attt 

tt  tt 

-t 

tatt 

riaauaar 

fa 

ttt  i 

tt.t 

a .  tatt 

a  tatt 

- t . tttt 

ti  it 

•  t 

tatt 

rnau*aT 

ta 

tttt 

ta .  t 

a.tatt 

a .  tatt 

-t .tttt 

tt .  at 

-t 

tttt 

raaauttv 

ft 

ittt 

ta .  t 

a . tatt 

a  taaa 

•a . tttt 

at  it 

•t 

tttt 

aaaauaav 

ta 

tttt 

tt.t 

a.tatt 

a.tatt 

-t . tttt 

n  tt 

t 

tttt 

ratauatv 

it 

tttt 

tt.t 

a.tatt 

a.tatt 

-t  tttt 

aa  at 

t 

tttt 

aaaauaa v 

aa 

tttt 

tt.t 

a.tatt 

a.tata 

-a .tttt 

aa  tt 

t 

tatt 

ruauav 

at 

tttt 

tta .  t 

a . tatt 

a  tatt 

•a  tttt 

ta  tt 

t 

tttt 

Mia  cm 

it 

tttt 

t  aa  o 

a.tatt 

a.tatt 

•t . tatt 

1 1  a  .  aa 

t 

a?aa 

DISTANCE  CTD 


Figure  B.11  ME9  MP#2  D=2.93m 


290 


ibt  ao  a 


•i 

► 

a 

• 

► 

tait.  aaae 

aaaaiaaa 

aiaat  cms 

kSCSTita 

•■ciaaii  aa 

sa .  • 

a.aaaa 

a . aaaa 

a  .a 

•aa . aa 

a .  a 

rseauaav  a  iaai 

7a  .e 

a.aaaa 

a.aaaa 

a.aaaa 

•is .as 

a . taaa 

rtsauaav  a  iaai 

ai  .• 

a.aaaa 

a.aaaa 

a . i ia© 

•a  ,7a 

a . i aa© 

rsaauaav  •  itti 

as.  a 

a . aaaa 

a . aaaa 

a . aaaa 

-  a  aa 

a . taaa 

aasauaav  a  iaai 

a* .  e 

a.aaaa 

a . aaaa 

a.aaaa 

•  aaa 

a  aaaa 

rcaawABT  a  iaai 

as  a 

a . aaaa 

a . aasa 

a . isss 

•S.aa 

a  asaa 

raaauaav  10  iaai 

at# 

a .aaaa 

a.aass 

•a  aia© 

•a  .  aa 

•a.aaaa 

rcsauaav  ia  iaai 

aa .  o 

a . aaaa 

a . aasa 

•aaaai 

S  1© 

•a . isss 

rasauaav  11  iaai 

a?  • 

a.aaaa 

a . aasa 

•a . i isa 

a .  aa 

•a  asaa 

a7 .  • 

a4ssaa 

a . aasa 

•a . ssaa 

7  aa 

•a . ssaa 

asaaaaav  ia  iaai 

aa  • 

a  .aaaa 

a . aasa 

•a . ssaa 

1 1  aa 

•a . aaaa 

rssavaav  ia  iaai 

aa  .© 

a.aaaa 

a  aasa 

•a . ssai 

ta .  as 

•a . aaaa 

rsaauaar  ia  iaai 

as  o 

a.aaaa 

a. aasa 

•a.aaaa 

ia .  aa 

•a  asaa 

aasauaav  ia  iaai 

as  o 

a . aaaa 

a .ss7s 

•a . asaa 

is .  aa 

•a . aaaa 

raaauaav  it  iaai 

as  • 

a.aaaa 

a . aaaa 

•a . asaa 

aa  is 

•a . aiaa 

rasatiasT  ia  iaai 

aa .  • 

a  aaaa 

a . aaas 

•a.saaa 

17  as 

a . aaaa 

raaauaav  ia  iaai 

as  • 

a  aaaa 

a . aaaa 

•a. ssaa 

sa  aa 

a . asaa 

raaauaav  aa  iaai 

as  .a 

a.aaaa 

a  aaaa 

•a  aaaa 

sa  aa 

a  asaa 

assavaav  sa  iaai 

ioa .  o 

a  aaaa 

a . aaaa 

•a  aaa i 

asaa 

a  aaaa 

Mtaca  ia  iaai 

iss.e 

a . aaaa 

a . aa  ia 

•a . asaa 

1 1 a . aa 

a  s7ss 

DISTRNCE  01) 


Figure  B.12  ME9  MP#3  D=4.89m 


291 


OSIOT  « 


Tim  SOTS 

HIT 

•■so  . 

seas i oss 

•  uai  cm 

LOCATION 

DCCIMII 

St 

1SSO 

ss  .o 

004 s 

T . 0049 

o .  o 

•40 . OO 

o .  o 

MllUilf 

s 

1SS1 

TS.S 

004 S 

T . OOSS 

•O  OHO 

• ts . oo 

0 . toso 

f IBSUASV 

• 

ISS1 

St  .# 

004  9 

T.OOSO 

o  oaoo 

•S  .TO 

0 . 1  too 

FSSAUAST 

• 

1SS1 

SS  o 

0049 

T.OOS9 

O.OSOI 

•S  ■  OO 

O. ISOO 

fBiaUAif 

• 

1SS1 

•  4  0 

0049 

T . 004 • 

-O . OOSO 

•S  OO 

O  0400 

•■sauaay 

• 

•  SSI 

ss  .  o 

004  9 

THIS 

o. t  too 

•S  40 

0  0900 

FlllUAir 

to 

tssi 

as .  o 

0049 

T .0043 

•O.OSBO 

•  o .  so 

•O .OOSO 

MUUMV 

to 

•  SSI 

SS  .  0 

0049 

T  OOSS 

-O  t ISO 

S  10 

-o . toso 

mauMv 

1 1 

•  SSI 

ST  .  O 

0049 

T  0099 

•O  1SS0 

s  so 

•o. asso 

1 1 

•  SS  1 

ST  .  0 

.004  S 

T . OOSS 

•o . isoo 

T  SO 

-o . asoo 

r«a«uA«T 

It 

•  SSI 

ss  .o 

004  9 

T . OOSS 

•0.3400 

t  t  .  OO 

•O . 4400 

r«a«wA«Y 

is 

•  BSt 

ss  o 

0049 

T  OOSO 

•o.ssoo 

IS  .  40 

•O . 4  SOO 

riBBuaiT 

IS 

•  SSI 

ss .  o 

0049 

T .OOSS 

-o  4  a  so 

IS  40 

•o . saso 

sssouast 

to 

tssi 

St  .  • 

004  9 

T.HTS 

•O . 3000 

IS  SO 

•0.0400 

sisowaot 

t  t 

tsst 

as .  • 

0049 

T . OOSO 

•O.SSOO 

ts  to 

•O . OIOO 

rmiiMf 

IS 

tsst 

ss  o 

0049 

T . OOSS 

•o.ssoo 

ST  40 

o . osoo 

riaauaav 

is 

tsst 

SS  .  0 

0049 

T . OOSS 

-0.SS4S 

as  oo 

o . osso 

ftaauaBT 

ss 

tssi 

St  .  o 

T 

0049 

T . OOSS 

•O . 4900 

sa  so 

0 . osoo 

Biaauaav 

ss 

tssi 

tot .  o 

T 

004  S 

T . O 1 O© 

•0 . ssso 

•  s  so 

O  0400 

auaca 

IS 

tsa  i 

its  o 

T 

0049 

T0 100 

•o.ssoo 

1 1 s . oo 

0  OTOO 

DISTANCE  (M) 


Figure  B.13  ME9  MP#4  D=7.01m 


' 

292 


i«t  aa  i 


T 1 HA  SAVA 

IS  1  T 

■  ■AS 

QA AO i ass 

AISAk  CHS 

kSCATISQ 

icmaii  s 

tSAO 

A 

ASA  A 

A .SSSS 

•  .  # 

•  4  A  A# 

o 

IIBUAtT 

«SS1 

YS.A 

A 

ASA  A 

A  AS1S 

-• . #4 A# 

•IS  At 

(•SO 

iiaaaRT 

(SSI 

A  1  .  • 

A 

ASAA 

A .ISIS 

A . •#•• 

-A  .  YA 

1  AA# 

iiruaiv 

1SA1 

AS . « 

A 

ASA  A 

A  .  AS  1  © 

•  •«•# 

•A  .  AA 

1  AO# 

liavaav 

1SA1 

AA# 

A 

ASAA 

A . AS## 

A. ASS# 

•A  AA 

A4  A# 

■  SQUAB  Y 

ISAf 

AS# 

A 

SSSS 

A . ASAA 

A. AAA# 

•S  4# 

•  SOO 

ISQUAQ  V  1 

«SS1 

AA  A 

A 

ASAA 

A .ASAA 

•A. AAA# 

•A  .  AO 

AAAO 

■SQUAQV  1 

1SS1 

AA  .O 

A 

ASAA 

A . ASAA 

•A. (AAA 

S  (A 

1  0  AO 

1 S  A  1 

AY  .  • 

A 

ASAA 

A . A  JO© 

•A . SA AA 

A  .  A# 

SSAO 

■SQUAQV  1 

1 S  A  1 

AY  .  • 

A 

•ASAA 

A . ASAA 

-O  ISA# 

Y  SO 

SAAO 

■SQUAQV  1 

ISA  1 

AA  .  • 

A 

ASAA 

A  ASA# 

•AS AAA 

f  1  .  A# 

4400 

■SQUAQV  1 

1  BA  1 

AS  .# 

A 

ASAA 

A  .ASYA 

•A . SSA# 

1 A  40 

4  BA# 

■SQUAQV  1 

(SSI 

AA  # 

A 

ASAA 

A . ASA# 

•ASIA# 

(A  40 

BSBO 

■SQUAQV 

A  ISA  1 

AS  » 

A 

ASAA 

A . SSSS 

•A  . S 1 AA 

(A  .  SO 

•  400 

■SQUAQV  1 

t  AA  1 

AS  A 

A 

ASAA 

A. SSSS 

•A . SAAO 

SA  .10 

-A 

A'## 

■SQUAQV  1 

ISA  1 

AA  .# 

A 

ASAA 

A.ASSS 

•A  . S Y AA 

SY  4  A 

•  400 

■SQUAQV  1 

(  A  A  1 

II# 

A 

ASAA 

A . ASSS 

•A . SAAO 

SO  AO 

OSAO 

■SQUAQV  S 

1  AA  ( 

SA  .« 

A 

ASAA 

A  .  ASA# 

•A  .  4 SA# 

SS  •  A 

AAA# 

■SQUAQV  a 

ISA  1 

iai  e 

A 

ASAA 

A  .  ASAA 

•A . 4  SA© 

4  S  0# 

•4  AO 

MAQCM  1 

1AA1 

iss# 

A 

ASAA 

A  ASSS 

•A . A  40© 

1  IS  #o 

•  YAO 

DISTRNCE  (TO 


Figure  B.14  ME9  MP#5  D=8.93m 


( 


293 


TIMt  OATS 

1017.  0000. 

OBOOIBSO 

01001  CHS 

LOCATION 

UCIMMR 

St 

toao 

00.0 

11.1 ooo 

1 1 . 1 ooo 

0.0 

•AO  OO 

0 

PfOKUACY 

a 

toai 

70.0 

1 i . 1000 

11.1010 

0 . oooo 

•10.00 

IOOO 

rtituAir 

• 

1001 

01.0 

11.1 ooo 

1 1 . IOOO 

0.0000 

-0  70 

IOOO 

pooauany 

a 

ioai 

OS  .O 

11.1 ooo 

11.1010 

0 . oooo 

•0.00 

1  ooo 

poonuaoy 

a 

1001 

00.0 

1  1  .  ISO© 

1 1 . IOOO 

-0.0000 

•0.00 

OAOO 

pioouaoy 

• 

1001 

00  0 

11.1 ooo 

1 1 . 1000 

0  IOOO 

•S  AO 

osoo 

pooauaay 

IB 

1001 

00.0 

1 1 . 1000 

111 ooo 

•o  oooo 

•O  OO 

oooo 

mhuart 

to 

1001 

00.0 

1 1  1000 

1 1 . 1000 

•o . oooo 

a  to 

IOOO 

pioouaov 

1  1 

1001 

07.0 

1 1 . 1000 

1 1 . 1070 

•O  OIBO 

0 . 00 

ssoo 

pboouaa v 

1  t 

1001 

07.0 

11. 10OO 

1 1 . 1000 

0  0700 

7 . 00 

sooo 

rai«MA»v 

IS 

1001 

00  • 

11.1 ooo 

1 1 . 1070 

-O  IOOO 

11.00 

AAOO 

rilRttARV 

IS 

1001 

00  .© 

1 1  1000 

1 1 . 1000 

•o  oooo 

10.40 

Aooe 

pboauaoy 

IS 

1001 

00  0 

11.1 ooo 

1 1 . 1000 

-O  1700 

10  AO 

osoo 

rmuiiT 

It 

1001 

OS  .0 

1 1 . 1000 

11.1010 

•O . IOOO 

10  .  so 

OAOO 

pooouao v 

1  7 

1001 

OS  o 

11.1 ooo 

11.1010 

•O  IOOO 

St  .  IQ 

.  9 

OIOO 

rilftUAAV 

10 

1001 

00  o 

11.1 ooo 

11.1010 

•0 . osoo 

17  .  AO 

oooo 

pooouan y 

It 

1001 

00  • 

1 1 . 1000 

11.1010 

•o  oooo 

SO  OO 

oooo 

PIIBURRT 

ss 

1001 

00 . 0 

1 1 . 1000 

1 i . toss 

•O . 1400 

SS  AO 

oooo 

pooauao y 

SB 

1001 

10S  o 

1 1 . 1000 

1 1 . loss 

•o  IOOO 

AS  to 

OAOO 

MAS  cm 

ta 

100  1 

1  ss .  • 

11.1 ooo 

1 1 . 1000 

-0 . sooo 

111  OO 

0700 

DISTANCE  (M) 


Figure  B.15  ME9  MP#6  D  =  1  1  .  1 6m 


\ 


294 


■UHT 


•  ICIWII  12 

PlllUil ▼  s 

me 

itt  1 

2t  .  • 

It  .  • 

11  - ttt* 

12 . ttt* 

12 .ttt* 

12 . tttt 

•  .  • 

•0.07*1 

*  to  00 

•  It  00 

0  0 

0  1*80 

MMUUT  | 

itt  1 

1 1  .  • 

12. ttt* 

12.0812 

•  *2** 

•*  .  7* 

*. 18*0 

rttRutav  t 

itti 

I2.t 

12 . ttt* 

12 . ttt* 

• . 0*0© 

•t  .  •• 

•  10*0 

rmuART  • 

itt  1 

tt  .• 

It. ttt* 

ll.tttt 

-• . ••*• 

•  a  •• 

• . otto 

MtauiiT  • 

itti 

tt  • 

12 . ttt* 

12 . ttl* 

•  1  it  a 

•2  t* 

•  *2*0 

MIRUAST  1* 

itti 

tt  -t 

12  .  ttt* 

•* . *280 

•*  to 

*0  0**0 

RlttUttY  i* 

itti 

tt  .  • 

il.ttto 

ll.ttlt 

•■•It* 

2  i* 

•#  1800 

MMUAir  it 

itti 

a  7  e 

12 . ttt* 

12 . tt*t 

• . *080 

t  to 

•* . 2280 

fttRUART  11 

itti 

81  0 

11  tita 

•  .  1888 

7  to 

-8  28*0 

rcttuttY  12 

itti 

tt .  e 

12 . tttO 

12 . 8780 

• . 0*00 

11*0 

-•  ttfto 

rmuAiT  12 

itti 

tt .  0 

12 . ttt* 

•  *ttt 

it .  to 

•0 . ttoo 

MMUAIl  12 

itti 

tt  t 

12  tttO 

12.0700 

• * . *280 

it .  to 

-*  8280 

nttutRv  it 

itti 

82  .* 

12 . tttO 

120820 

•  *1*0 

It  .  20 

•0  *t*e 

rtttutar  11 

itti 

tl  • 

12  tttO 

12 . tttt 

•* . *800 

2*  1* 

•* .01*0 

riliutar  it 

itti 

tt  e 

12 . tttO 

12 . ttt* 

• . *8*0 

27  t* 

• . *8*0 

rcaauART  it 

itti 

tt  .0 

12 . tttO 

12 . tttt 

O  1*80 

28  t* 

• . *800 

rtlBUAM  22 

itti 

tt  # 

12 .tttO 

12 . tttt 

-* . •*•• 

22 . 80 

•  0800 

rvtauART  2 a 

itti 

1*2.0 

12  tttO 

12 . tttt 

-• . 0080 

tt  to 

•  otto 

MARCH  It 

itti 

122* 

il.ttto 

12.887* 

•*.22*0 

110.00 

• . 07*0 

-45  -30  -15  0  15  SO  46  60 


DISTANCE  (TO 


Figure  B.16  ME9  MP#7  D=13.89m 


' 

295 


«A«acT  attar  at.  • 


Tiaac  aa vt 

IttT.  tttt 

ttatiatt 

1 1 tt  L  CMt 

itCATiaa 

atciMto  aa 

itta 

at.  t 

it . ttat 

it . ttat 

a. a 

•tt . tt 

t .  t 

rtatuttv  a 

itai 

7t .  a 

it . ttat 

it . tttt 

-t . ittt 

• i t . tt 

t  ittt 

rtaauaav  * 

itti 

tit 

it . ttat 

tt. tttt 

a.aiai 

•t  .  7t 

t .  1  too 

rcatvaav  a 

itti 

tat 

it . ttat 

it . tttt 

t.ttti 

•t  .tt 

t . 1 ttt 

niauAiT  t 

itti 

tat 

it . ttat 

it . tttt 

•a. tttt 

•  t  .  tt 

t.tttt 

ftttUttv  • 

itti 

tt.t 

it . ttat 

it  ttat 

t . ittt 

•a .  tt 

t . aaaa 

fcbouart  ia 

itti 

tat 

it . ttat 

it . ttat 

•t.tttt 

•  a.  ta 

-t . tttt 

PiatUART  10 

itti 

tt .  0 

it  ttat 

it . tttt 

t . ittt 

a .  it 

•t . ittt 

itti 

1 7  .  t 

it . ttat 

it . tttt 

t  tttt 

t .  to 

•t . aatt 

PIltUAI V  11 

itti 

1 7  .  t 

it  tttt 

t . 1 7 tO 

7  .  tt 

•o . attt 

piiiuarv  ta 

itti 

tt.t 

it . ttat 

it  tttt 

t . i tai 

1  1  .  tt 

•t . tttt 

rtatwaav  ia 

itti 

tt.t 

it . ttat 

It .tt7t 

t . itti 

it .  to 

•t . tttt 

titauatY  ia 

itti 

tt.t 

it . ttat 

It . 1 1 77 

t.t7t 1 

it .  ta 

•t . tato 

Piaiuaiv  ia 

itti 

ta  t 

it . ttat 

it .  ttat 

t  tttt 

it  at 

•t . ttto 

Piaauair  ia 

itti 

tat 

it  ttat 

it . ttat 

t.tttt 

at  it 

•t . aiaa 

itti 

tt  t 

it . ttat 

it . ttaa 

t . att i 

t7  tt 

t . tttt 

rtttuttv  it 

itti 

tt .  t 

it . ttat 

it . ttat 

t .  ittt 

at .  tt 

t.tttt 

raatuttv  aa 

itti 

tt .  t 

it . ttat 

it . tttt 

•t.tttt 

aa  tt 

t . ttto 

ptaauatv  at 

itti 

ita .  t 

it . ttat 

it  ttat 

t.tttt 

ta  tt 

t  ttto 

MAtCM  it 

itti 

iaa  o 

it . ttat 

it . tttt 

tt . tate 

1 1 1 .  tt 

t  0700 

DISTANCE  CTD 


Figure  B.17  ME9  MP#8  D=15.61m 


• 

2S6 


l«T  II  | 


TIMS  BAYS 

IB! 7 .  BIBB 

BIBB  1  BBS 

BISPl  CHS 

•ICMH  SS  IM* 

SB  • 

IB. BIBS 

IB .BIBS 

B  B 

•BB  BB 

B  B 

rmuAtr  s  isei 

7B  .  • 

IB. BIBS 

IB . BS1B 

•B  . 1 BB 1 

•IB  H 

B . 1 BBO 

rciftuftftv  B  1  B  S  1 

B  1  .  • 

IB  BIBS 

IB . BIBB 

B . BB IB 

•B  .  7B 

B  1  BB© 

PIBBUAftY  •  1BBI 

BS  .  0 

IB. BIBS 

IB. BIBB 

B  BB1B 

•loo 

B  1  see 

riisuAtr  s  ibsi 

BB  • 

IB  BIBS 

IB . BIBB 

B  BSBS 

•B  .  BB 

B . BBBB 

miiubit  •  i  ••  i 

BB  .B 

IB. BIBS 

IB . B17B 

B  .  1BB7 

•S  SB 

B  BSBB 

BBBBUBBY  IB  1 BS 1 

BB  .  • 

IB  BIBS 

IS .BIBB 

B . BBB  1 

•B  .  BB 

•B  BBBB 

BCBBUBBY  to  1 • • 1 

BB  • 

IB  BIBS 

IS . BIBB 

B.BBBB 

S  IB 

•B . 1 BBB 

B7  .  • 

IB  BIBS 

IB . B IBB 

•  1  IBB 

B  BB 

•B . SSBB 

BIBIUAIT  11  1 •• 1 

B7 .  e 

IS . B  t SS 

B.SSBS 

7  BB 

•B . SBBB 

riBBUBBV  1|  IBB  1 

BB  • 

IB . BIBS 

IB. BISS 

B  IBIS 

1  1  BB 

•B . BBBB 

riBBUABY  IS  1 BB 1 

BB  • 

IB. BIBS 

IS  SI  IB 

B  1  BBB 

IB  .  BB 

•B  BBBB 

SIBBUBBY  IS  1 BS 1 

BB  • 

IB  BISS 

IB  B  1  IB 

B  ISBB 

IB  .  BB 

•B  BSBB 

riBBUABV  IB  1 BB 1 

BS  .A 

IB  B IBS 

IB  BIBB 

B .  IBB  1 

IB  .  SB 

•B . BBBB 

riBBUBBY  17  1 BB 1 

BS  .  • 

IB. BIBS 

IS. BIBB 

B  17B1 

SB  IB 

•B  BIBB 

BIBBUBBY  IB  IBB  1 

BB  .  0 

IB  BIBS 

18 .BIBS 

B.S7BB 

S7  BB 

B  BBBB 

BISBUBBV  IB  1 BB 1 

BB  .  0 

IB  BIBS 

IB. BIBB 

B  .  IBS  1 

SB  BB 

B . BBBB 

BIBBUBBY  SS  1 BB 1 

BB  • 

IB. BIBS 

IB . B IBB 

B . ISBB 

S3  BB 

B . BBBB 

BBBBUBBV  SB  1BB1 

IBS  • 

IS .1  IBS 

18 . B178 

B  ISBB 

BS  .  BB 

B . BBBB 

HBBCM  IB  1 BB 1 

1SS  B 

IB  BSBB 

•B.BBBB 

1  IB .BB 

B . B7BB 

-46  -30  -16  0  15  30  45  60 

DISTANCE  (M) 


Figure  B.18  ME9  MP#9  D=16.92m 


. 

297 


IIIT  SB.  18 


TIH1  BATS 

HIT  RIBS 

BIAS 1 ass 

s i sat  cm 

t SCAT  IBS 

•iciMii  s 

1MO 

SB  .  • 

IB  BBSS 

IB. BBSS 

s .  s 

•BS . SB 

s  o 

m«u«iT 

IM1 

7B  .# 

ib . sass 

IB . BBSS 

-S . 1 BBS 

•IBS© 

•  1  BBS 

BISSttASY 

1111 

BIS 

1B.S8SS 

IB . SSBB 

-S . SSBB 

•S  .78 

S .  1  BBS 

fbssuast 

1  SB  1 

IS  .8 

IS . BBSS 

IS . BBSS 

S . S  t SB 

•8  .SB 

S  1  BBS 

fii«va«T 

IBB  1 

BB  .  • 

ts.ssts 

IB. BBSS 

•8. BBSS 

•S  .  SB 

S . BBSS 

ritRMART 

IBS  V 

BB  .  • 

«B . BBSS 

1S.BB1S 

S . 1 SOT 

•B  BS 

S . SSBB 

rmuMv  i 

IBS  1 

BS.S 

IB . BBSS 

1B.ST1S 

-  1  . SSB 1 

•S  .  BS 

•S  BBSS 

TCBSUABV  I 

1  SB  1 

BB  .  • 

IB . BBSS 

IB . BBSS 

S  BBSS 

S  .  IS 

•S . IBB© 

IBB  1 

B7  • 

IB .BBSS 

•B . BBSS 

S .  1  BBS 

B  BS 

•S . SSBB 

1  SB  1 

B7  • 

IS  „SB23 

1B.SSTB 

S.SB1S 

7.BS 

•s . sass 

niauAiT  i 

1 BB  1 

BB  .8 

1 B . BBSS 

IB . SSBB 

S  tSSS 

1  1  .SS 

•S  BBSS 

sisamaby  i 

IBB  1 

BB  .  O 

IB. BBSS 

IB . BBSS 

S  .  1  BBS 

18  .  BS 

•S . BBSS 

MRRUMT  1 

1  BB  1 

BB  • 

IB . BBSS 

IB  BBSS 

S  1  BBS 

IS  BS 

•sans 

YISBUASY 

B  1BS1 

BS  .  S 

IB . BBSS 

IB. SBSB 

S  .  1  1  1  1 

IB  as 

•S  BBSS 

rioauBBv  i 

1  BB  1 

BS.S 

IB  .  BBSS 

IS . BBSS 

S  1781 

SB  IS 

-S  BISS 

YBBBUASV  1 

1  SB  1 

BB  .  • 

IB  SBSB 

IB . BBSS 

S. SSI  1 

S7  BS 

S  BBSS 

ciiauAiv  i 

1  SB  1 

SB  • 

IB . BBSS 

IB . SBSB 

S.SSB1 

SB  BS 

S  BBSS 

riMUAIV  S 

1  SB  1 

BB  • 

IB. BBSS 

IB . BBSS 

S.S7SS 

BS  BS 

S . BBSS 

HiauAiT  s 

1  BB  1 

1  S3  0 

IB .BBSS 

IB . BBSS 

-S.SSBB 

BS  .  BS 

S  BBSS 

MABCM  1 

IBB  1 

1SS  • 

IB . BBSS 

IB  BBSS 

-S .  1  BBT 

1  1 8 . SS 

S  STBS 

DISTRNCE  CTO 


Figure  B .  1 9 


ME9  MP# 1 0  D=  18 . 36m 


- 

t 

■ 

298 


TI«t  ©AT© 

l©IT  ©BAD 

aia©i 

•CBHIII 

aa  i©«© 

I©.© 

a.aaa© 

a.aaa© 

• .  • 

i  lea  i 

77  © 

t.itt© 

i.iaii 

-©.©aa© 

liayAIT 

S 

7©  .© 

a .tat© 

a.aata 

•©.©i©© 

•BKttAIV 

•  If©  1 

•  1© 

a.aaa© 

a.aaaa 

•©.©i©© 

•©bwaav 

•  laa  1 

•a .  • 

a.aaa© 

a  aaaa 

©.©•a© 

llltfARl 

•  It©  1 

•« .  • 

a. tat© 

a . aaaa 

•©.©ia© 

IBtUABT 

•  »©«1 

••  • 

a.aaa© 

a.aaa© 

•  iaa  i 

muoiT 

1©  1©©1 

aa.© 

a.aaa© 

a.aaa© 

©.aaa© 

•  •  • 

a.aaa© 

a . aaa© 

©.©a©© 

t©ftvA©v 

11  1t©1 

•  7  .  • 

a  •©>©• 

a.aaa© 

• . ©aa© 

UCATioa 

*•»  eo 
°t«  •• 

*ai .©• 

•1I.M 
-11 . •• 
-II.#© 

«•  •© 

-•  .  •© 

•I  •• 

•  1  .#0 


one 
•  »•© 

•  it© 
•ft© 

•  ii© 
.©17© 

.  ©ia© 
.  •••• 
•••© 


Figure  B.20  ME10  MP#1 


D=  2  53  m 


299 


TIM#  ttVt 

IOIT 

tltt  . 

•  I#»l  CMS 

LOCATION 

Dicinait 

»  i##e 

St  • 

t 

lift 

t 

#77# 

O  .  t 

•A# . OO 

o  o 

i  i##i 

T7  .  t 

t 

•77# 

t 

S7tt 

•t.ttlt 

•1A . OO 

O  OHO 

riMUMV 

1  It#  1 

11  .  O 

t 

#77# 

t 

S7#t 

•O.OAIO 

•11 . OO 

o  oi#o 

ra«auA*v 

t  it#  i 

1 10 

t 

•  77# 

t 

t7#S 

-t .#11 1 

-  1  t  oo 

0.0100 

MIBMABV 

t  it#  i 

ts  .• 

t 

nit 

A 

.1771 

0.0710 

•11.00 

0.0110 

flMUAIT 

t  tin 

t«  t 

t 

lift 

A 

.#77# 

0.t#70 

•11.00 

0.0170 

rfoouAov 

t  ittt 

tt  o 

t 

•tit 

A 

I7tt 

O . 1 1## 

•A  .  OO 

O  0  170 

naauaar 

io  1##1 

tt  • 

t 

#77# 

« 

#77# 

o.oioo 

•#  OO 

0.0100 

riooutov 

It  1##1 

tt  0 

« 

#77# 

A 

#771 

t . OSAO 

•1.00 

O.OIAO 

11  Ittl 

•7  • 

t 

•  #77# 

A 

.#77# 

0 . 017# 

•1.00 

0  OOAO 

-45  -30  -15  0  16  30  45  60 

DISTANCE  CTO 


Figure  B.21  ME  1 0  MP#2  D=  4.58m 


' 

300 


«A*«IT  MIIT  no  2 


▼IMS  2070 

10 I T .  0000 

•120k  cm* 

L0C0T  t 00 

••cvnoik 

21 

1 00O 

20 .0 

0 . 2002 

2002 

0 

0 

•00 . OO 

0 . 0 

1 

1001 

77.0 

0  2002 

2012 

-0 

0020 

•20.00 

0.0100 

FI0OU00V 

2 

1001 

70  .  • 

0  2002 

2012 

-0 

0010 

•21.00 

0  010© 

raiRuAKv 

t 

1001 

01.0 

0 . 2002 

2002 

0 

0100 

•10.00 

0.0100 

FCHVAIY 

• 

1001 

02.0 

0 . 2002 

2700 

0 

0720 

•11.00 

0.0220 

ri00U0ftV 

• 

1001 

00  O 

0 . 2002 

2002 

0 

0170 

-11.00 

0.0170 

FlllUAtf 

0 

1001 

00 . 0 

0 . 2002 

2700 

0 

1070 

•0  .  OO 

0  0170 

21020027 

10 

1001 

00.0 

0.2002 

2700 

0 

0000 

•0 . 0O 

0.0100 

FIIRUAIT 

10 

1001 

00.0 

0 . 2002 

2702 

0 

1020 

•2.00 

O . 0000 

FIIRURIT 

1  1 

1001 

07.0 

2702 

0 

1070 

•1.00 

O . 0000 

DISTANCE  (PD 


FIG  B.22  ME  10  MPtt  3  D=  6  38  m 


’ 

\ 


301 


TIMS  tail 

ItIT  MAD 

•888 1888 

8188k  CMS 

18C8TI8H 

HCBMtll 

SI  IBM 

St .  t 

8.8818 

8.8818 

8.8 

•88.88 

8 . 8 

1  1*11 

77.0 

8.8818 

8.8818 

•8 . 1 870 

•  88 . 88 

8.8180 

BIBIUAI1 

1  188  1 

78  t 

8  8818 

8 . 88S8 

•8.8888 

•*1.88 

8.8188 

ritauaiT 

•  1M 1 

1 1  .  t 

8 . 8818 

8  8880 

-8. 1818 

•18  88 

8.8188 

PB88U88V 

•  1 

8*0 

8.8818 

8.8818 

8  8118 

•11.88 

8 . 8888 

MaauaiT 

S  US  1 

88  .  O 

8.8818 

8.8818 

8.8878 

•11.88 

8  8178 

Ft8tU88V 

s  tssi 

88.  • 

8.8818 

8 . 8888 

8 . 1878 

•8.88 

8.8178 

rctauAftv 

It  111) 

88  8 

8.8888 

8.1188 

•8.88 

8.8188 

f IIIUAIV 

It  1881 

88 .8 

8.8818 

8 . 8888 

•1.80 

8 . 8808 

11  Ittl 

87 . 8 

8  «*0  1  8 

8 . 888S 

8. 1888 

•1.88 

8 . 8888 

FIG  B.23  M E  1 0  MP#4 


D=  8.40  m 


• 

302 


IBT  ■■  ( 


Tim  UT| 

l«IT.  MM. 

•ISOl  CM* 

LOCATION 

•■cants* 

as  (••• 

are 

1*11*1 

u.aiti 

O  .  • 

•os .00 

0.0 

1  10*  1 

77  e 

t*.ai*i 

!•  HOC 

*• . iaao 

•ao  oo 

e . oioo 

r«**MA«T 

a  ia«i 

?•  • 

i*. ai** 

t*.aa*s 

-•1*10 

•*i  oo 

O  01*0 

.  ?  . 

' 

i*.aiH 

•0.0*0* 

•  1*  oo 

0.01*0 

rilRWART 

•  ita  i 

•a  * 

i*.at** 

i*.ai*i 

o.oaao 

•11.00 

o.oaao 

*ti*U**T 

•  nit 

««.* 

i*. ai*s 

ieai*i 

0.0170 

•11.00 

0.0170 

Pt**UA«V 

•  i*ai 

•so 

ton** 

10 . *17* 

O . 1170 

•* .  oo 

0.0170 

raoauoov 

i#  i**i 

•  •  0 

io.ai*s 

i*.as*i 

•1.0*10 

•0.00 

0.01*0 

r«o«w**v 

i©  ti*i 

•  •  • 

to.aios 

10*17* 

0.0700 

•a  .oo 

O . 0040 

ii  i**i 

*?  • 

ie  .ai*t 

10*17* 

o. ia*o 

•1.00 

O . 00*0 

-46  -30  -16  0  15  30  45  60 

DISTANCE  01) 


Figure  B.24  ME10  MP£5  D=10.22m 


303 


Tt«a  a*Tt 

fair.  aaaa. 

auiiHii 

fiaat  ena 

tacatiaa 

aciMtca 

aa 

taaa 

aa.a 

ta.aaaa 

ta.aaaa 

a. a 

•aa  aa 

a .  a 

t 

ttat 

Tt.a 

t a. aaaa 

ta .aaaa 

•a . taaa 

•Il  »« 

a.ataa 

taauaay 

a 

«aai 

aa.a 

ti  aaaa 

ta.aaaa 

•a. tata 

•  *  t  aa 

a  a <aa 

■aauaav 

• 

taat 

at  a 

ta.aaaa 

ta.aaaa 

•a. 1 1  ta 

•  ta  aa 

a  a  taa 

niMaf 

• 

taat 

aa  a 

ta.aaaa 

ta.aaaa 

•a. aaaa 

•  1 1 .  aa 

a. aaaa 

■•■UA«T 

• 

taai 

aa .  a 

ta.aaaa 

ta . aaaa 

-a.ataa 

•  1 1  .  aa 

a  o  <  to 

lltMAMT 

a 

<»n 

aa  a 

ta.aaaa 

ta .aaaa 

a .  t  taa 

-a .  aa 

a.ataa 

■  •■UAIIT 

ta 

itat 

aa.a 

ta.aaaa 

ta .aaaa 

a.ataa 

•a  aa 

a.ataa 

CIlUAtt 

ta 

taai 

aa.a 

ta.aaaa 

ta.aaaa 

a . taao 

•  t  aa 

a . aaaa 

1 t 

iaai 

aa.a 

ia»aaaa 

ta.aaaa 

a  taaa 

- 1 .  aa 

a . aaaa 

DISTRNCE  01) 


Figure  B.25  ME  1 0  MP#6  D=12.28m 


i 

304 


» 


▼ina  BATS 

1 ■ 1 7  0BA0 

sbcbmsbo 

as  <••• 

14.1BI4 

1  111! 

*7.0 

H.IIII 

fbsowaov 

a  its  i 

*•  -0 

14 ■ BOBO 

F  C  MUAR  v 

•  iaa  i 

•  1 .0 

14II1I 

•  1AA1 

•a.o 

14 . SABA 

fbaouaov 

•  ioo  > 

•  4.0 

14  Bill 

fsimiv 

•  tMl 

•t.o 

14 . SAS4 

rciauuT 

1©  1MI 

•  •  o 

14 . SABA 

FBSOUAOY 

to  iaa i 

•  0.0 

14 .BABA 

mtuta? 

11  1M1 

•  7.0 

OB AA 1  OAK 

A 1 SOt  CHS 

toe AT  too 

0.0 

• 

• 

S 

0  o 

14 . SA4  A 

•O.  1  ABO 

•34.00 

O  O  1  AO 

14 . SA4B 

•O . 1A 10 

-314© 

0.0100 

•O. 1A 10 

•  1 A . OO 

0.0100 

14 . SABO 

O  OOBO 

•11.00 

o.oaso 

14 . BABB 

•o . oaa i 

•11.00 

0.0170 

14 .SABS 

0.4A7O 

•0.00 

0.0170 

14 . SABO 

-o . OO 10 

•A  OO 

0.0100 

14 . BA1A 

•  1034 

•a.o© 

O . OOA  © 

14 . BAOA 

O.BS7A 

•1.00 

0  0040 

-45  -30 


-15  0 


IS  30  45 


60 


DISTANCE  01) 


Figure  B.26  ME10  MP#7  D=14.29m 


305 


l«T  I 


timc  iats 

mi  am. 

IIMl  CMS 

LtCATIOM 

IICIHMI 

SS  IttO 

II  A 

it .  stst 

It 

stst 

•  ■  • 

•  tt  oo 

o .  o 

1  Itt  1 

77  o 

tt.stst 

It 

sttt 

•a.  ust 

-St  oo 

o  otto 

MIIUAIT 

S  1  tt  1 

TI.A 

It . »ttt 

It 

stts 

•a. isoa 

• S 1 . oo 

o  oioo 

nttvtov 

•  Itt  1 

•  1  -• 

it  .stst 

It 

stst 

-•.•tit 

•11.00 

O  Olio 

rsoauttT 

•  (Ml 

•*.• 

it  .stst 

It 

stst 

toast 

•11.00 

o . osso 

rtimiv 

•  Ittl 

IA.A 

it .stst 

It 

stst 

a.atn 

•11.00 

0.0170 

flHHUT 

•  Itt  1 

tt  • 

it .stst 

It 

StIS 

t . i ttt 

•t  oo 

0.0170 

rtttuttv 

t«  iiai 

tt  o 

it .stst 

It 

St  It 

o . i its 

•  t .  oo 

0.0100 

OSOOUttV 

it  tin 

Hi 

tt.stst 

It 

St  «• 

•  .  Its  1 

•s  .oo 

o . ooto 

ii  itti 

n.t 

It ^stst 

It 

sstt 

0  >07  1 

-1.00 

o . ooto 

-45  -30  -15  0  15  30  45  60 


DISTANCE  Cl) 


Figure  B.27  ME  1 0  MP£8  D=16.25m 


■ 


306 


MARCH  3 

MARCH  4 

MARCH  S 
MARCH  7 
MARCH  • 
MARCH  lO 
MARCH  10 
MARCH  1 1 
MARCH  13 
MARCH  1 R 


T1MI  OATS 

IOVO 

io«  o 
lot  o 
111  o 

113  O 

114  O 

114  0 

115  O 
117  O 
133  O 


1RIT  RIAO 

OOS7 
OS7 
OS7 
OS7 
OS7 
OS7 
007 
O  S  7 
007 
007 


0007 
OOS7 
OOS2 
OOS  2 
0002 
OOS  2 
OAOO 
0202 
•  200 
0202 


0  1  SRI  CMS 

o  o 

O  1  lOO 
O  1 70© 

O  2700 
O  1  300 
O  0400 
O  2100 
O  2700 
O  7001 
1.1  3SO 


LOCAT 1  OH 


27  40 
2  1  40 

If  SO 

-7  10 

•  3  40 

0  o 
3  SO 
1 0  20 

If  SO 
34  fO 


o  o 

O  1  1  oo 

O  1200 
O  2200 
O  1 700 
O  0300 
2  2S  OO 
S  1200 

•  f  2SO 

•  MtO 


Figure  B.28  ME  1 7  MP#1  D  =  3.01m 


307 


TtMC  DAYS 


INI 


RIAO 


Rtf AD  I NCS 


MAR CM  3  IASI  107  © 

MARC  M  4  till  10*  O 

MARCH  S  IASI  1 OA  O 

MARCH  7  1  AS  1  111.0 

MARCH  A  1  DA  1  113.0 

MARCH  10  1 A  A  1  114.0 

MARCH  10  ISA  1  114.0 

MARCH  11  1 AA  1  1  1 A  O 

MARCH  13  1 A  A  1  117.0 

MARCH  1  A  1 D  A  1  133.0 


300S 
300S 
300S 
3004 
300A 
3  00  A 
2001 
SOOS 
3004 
300A 


4 . 300 
4 . 300 
4 . 300 
4  .  ISA 
4  IAS 
4  IAS 
4  1  AO 
4  134 
4.134 
4  .  1  3  A 


DISH.  CMS 


O  1  3A  A 
O  1 700 
O  3A  A  A 
O  O  A  O  1 
O  1  O  A  A 
O  3SOO 
O  4  A  OO 
O  AASO 
1  4  SS  1 


10CAT 1  OR 


37  40 
2  1  40 

1  A  AO 

-7  10 
-  3  40 

o  o 
3  AO 
lO  20 

IS  10 
24  AO 


O  .  O 

O  1  loo 

O  1200 
O  2200 
©  1700 

O . 0300 
2  2AOO 
A  1200 
4  S3S0 
4  A  4  A  O 


Figure  B.29  ME17  MP#2  D=4.20m 


■ 

. 

308 


time  days 

miT  at  ao 

RtAOIRCS 

OISRL  CM* 

LOCATION 

MARCH 

a 

1M1 

107  0 

»  3*37 

t  3*37 

O  0 

*37  *0 

0  o 

MAR  C  N 

« 

III  1 

to*  0 

*  .  3*37 

t  3*30 

O  0*00 

•  3  1  *0 

O  1  1  oo 

MARCH 

• 

10R  1 

tot  0 

t . 3*37 

t  .  3*33 

O  1700 

•  IS  SO 

O  1  300 

MARCH 

i 

It*  1 

t  1  1 . 0 

t . 3*37 

t . 3*30 

O  3*00 

•7  10 

O  3300 

MARCH 

t 

It*  1 

113  O 

t  3*37 

•  3*33 

•0 . 1300 

-3  *0 

-©  1700 

MARCH 

1  o 

It*  1 

11*  0 

1  3*37 

•  3*33 

0  0*00 

0  o 

O  0300 

MARCH 

to 

1t*1 

114.0 

t  3*37 

o 

•  3333 

•O  3301 

3  *0 

•3 . 3*00 

MARCH 

1 1 

1 1*  1 

111  0 

1  3*37 

S  3037 

-«  1300 

1 0  30 

•* . 1 300 

MARCH 

13 

It*  1 

117  0 

»  3*37 

t  .  30*3 

-*  *7*0 

it  *o 

-•  *3*0 

MARCH 

It 

1 1*  1 

133  0 

•  3*37 

t  30*7 

-• . 2* 40 

3*  *0 

*  *  .  1*10 

DISTANCE  (M) 


Figure  B.30  ME  1 7  MP#3  D  =  5.24m 


• 

309 


T1HC  BAYS 


MUCH  3 
MAM CM  A 
MAM CM  C 
MAM CM  7 
MAMCM  • 
MAM  C  M  lO 
MABCM  10 
HAMCM  1 1 
MAMCM  13 
MAMCM  It 


7  0 
23  O 


0  Ilf l  CMS 

o  o 

O  1  2IM 
O . ISAM 
O  2700 
•O  lOOO 
O  OA  •  I 
-  O  A  3  0  1 
•7  3100 
•A  SB  AO 
•A  7 1  AO 


LOCAT I  OH 

27  AO 
2 1  AO 
It  AO 
•7  lO 
•3  AO 
O  o 
3  AO 
1 0  20 
IS  AO 
1A  AO 


o  o 

0  1  1O0 

O  1  200 
O  2200 
-O  1700 
O  0300 
•2  2  AOO 
•A  1200 
•A  A  2 AO 
•A  A  A AO 


DISTANCE  (M) 


Figure  B.31  ME17  MP#4  D=6.69m 


m 


310 


MAftCM  3  1441 

M«CH  4  1441 

M44CN  4  1t«1 

M44CM  7  1 44 1 
M44CH  4  1441 

M44CN10  1441 

M44CM  ie  1441 

MA4CM  11  1441 

M44CH  13  1441 

H4RCM  14  1441 


tiMt  om 

107 
104 
104 


7  I 

7 . 4 
7 . 4 
7 . 4 
7 . 4 
7 . 4 
7  4 
7 . 4 
7 . 4 
7  4 


.  4430 
4434 
.  4434 
.4433 
4430 
.4114 
.4114 
4  114 
4  114 
.4114 


D14PI  CMS 

O  0 
O  1401 
©  .  170  1 
O . 3000 
•O  0700 
14144 
4 . 1344 
4  4444 
O  4744 
O  4344 


10C4710N 


37  40 
3  1  40 
14  40 
•7.1© 
•3  40 
O  O 
3  40 
10.3© 
14.40 
34  40 


o  o 

o  t  ioo 

o  1  300 
O  3300 
O  1  700 
O  0300 

3  3400 

4  1  300 
4  4  340 
4  4440 


DISTANCE  (M) 


Figure  B.32  ME  1 7  MP#5  D  =  7.59m 


' 


311 


•ASIC  DATA  POR  COMPUTATI 


TNI  MOLC  NAS  SCCN  HAD  OH  7  OCCASIONS 
CALIBRATION  NKAOINCS  WtRC  TAHIR  ON  OtCSMOIR  22  ISOO 
TNC  OCCPCST  RC AO  I NC  IS  ss  OO  POST 
TNC  SHAl  L  OWC  ST  RKA0IN6  IS  2  OO  HIT 

▼  NC  C  L ANN  Rises  2.00  HIT  AOOTC  6R0UN0 

TNC  AN6LC  OCTWCCN  TNC  ‘A»  AI1S 
ANO  TNC  AXIS  OR  PRINCIPAL 
DCPORMATiON  IS  2 1  SO  0C6RCCS 


AL6CBRAIC  OIPPCRCNCC  IN  CALIBRATION  RCA0IN6S 


A  0  I RC  CT I  ON 


S  DIRCCTION 


OCRTN  A  1  A2 


OIPPCRCNCC  IN  A  01 


•2  OIPPCRCNCC  IN  S 


2  S  A  2 

2  S  21 
2  S  SO 
24.00 
2A  34 
23  77 
33  IS 
22  44 
2 1  04 
21.34  1 

20  73 
20  12 
10.41 
1  4  OO 
IS  20 
17.04 
17  07 
14.44 
14.44 
14-24 
14  03  1 

14  02 
13  4  1 
12  40  1 

13.10 
1144 
10.07 
10  34 
•0  74 
*•  14 

•4  43 
•7  02 
•7  32 
•4  71 
-4  10 
•4 . 40 
•4  44 
-4  27 
•3  44 
•3  04 

•3  44  1 

-1  43  1 

•122  1 

•0  4  1  1 


*  20 

4  304 

2  424 

3  .  440 

4  •  304 

O  -403 

O  >444 

0  •  700 

0  -723 

4  >040 

0  >400 

7.  -400 

4  -4  10 

3  -444 

O  -344 

4  -34  1 

4  -SIS 

4  -440 

0  -7  10 

4  -407 

4  -070 

O  -024 

4  -030 

7  -040 

3  -400 

0  -474 

O  -  444 
0  -447 

4  -442 

4  -73  1 

O  -420 

4  -474 

4  -404 

4  -44  1 

0  -103 

4  -  124 

7  -214 

4  -402 

4  -444 

4.  -314 

4  -104 

0  -04 

7  -  1  30 

2  -  104 


3  S 
•  430 
•044 

1043 
74  1 

1073 
I  148 
1440 
14  13 

1044 
1444 
1437 
1  103 

004 
744 
740 
1002 
1  147 
144  0 
1474 
2024 
10  14. 
10  14 
1007 
1472 
14  14. 
1444 
1744 
1744  . 
1424 
13  10 
12  10 
1044 
044 
442 
300 
403 
444 
1043 
400 
270 
247 
207 
247 


•110  43 

•102  140 

•  234  140 

-402  444 

•424  441 

•430  474 

•  444  404 

•374  324 

-300  244 

•140  101 

-144  100 

•  120 .  42  . 

•104  44 

-30  -4 

•47  0  . 

•lOO  44. 

14  -74. 

47  -  134 

124  -  147  . 

144  -310 

244.  -301 

340  -304 

304  -442 

347  -204 

*32  -24 

-70  23 

1  •  44  . 

07  .  *  1  40 

04  -  144  . 

7  -43 

•  14  -34 

•44  34 

4  -42 

20  -42 

-73  24 

•244  210 

•244  220 

-140  43 

•  4  1  40 

-340  274 

•444  424 

•470  400 

-733  440 

*430  774 


-142 
-332 
-4  14 

-  040 
1144 
1004 
•444 

-  70  1 
•444 
■  240 

-  247 

•  203 

-  174 
•  24 
•44 

-  144 

04 
10  1 
24  1 
374 
447 
734 
434 
444 
-7  . 
•03 
44 
244 
24  1 
70 
20 

-  123 

SO 

42 

-07 

•444 

•444 

•  222 
-12  1 
•  4  1  4 
1111 
1270 
14  13 
1  004 


Figure  B.33  SI6-FIELD  DATA 


312 


te  01 


A  OlOICTIOM 


•  CATN 

Al 

82 

BIFFIICRCC 

•28  (2 

47 

3  . 

*  A  . 

-2*2  1 

•228 

2  A3 

-•3  1  . 

-38  AO 

•4*2 

AOS 

•AAA 

-34  AS 

•All. 

BAS 

•  1077 

-24  3  A 

38  1  . 

•331 

712 

-  23  77 

SAB 

•813 

1  OA  A 

-  23  1  A 

ABO 

-•82 

1  142  . 

•22  AS 

740 

•708 

144* 

•  2  1  AS 

77  1  . 

•732 

1  AO  3 

-21  34 

A  AO 

•AAA 

1  A3A 

-20  73 

ASA 

•A24 

1  ••  2  . 

-20  12 

74  1  . 

•AB4 

1438 

•IB  81 

87* 

*•30 

1  tot 

-  IS  •© 

A  1  A 

•  •  7  A 

AA4  . 

•  1  A  2* 

413 

-24  1 

7A4 

-17  AA 

3S3  . 

-3*4 

747 

*  1  7  07 

870 

*822 

1  OA  2  . 

•  1  A  AS 

8  14  . 

•AAA 

117* 

•IB  S* 

747  . 

-721 

1  •  A  A 

-18.2* 

BA  1  . 

•AO* 

1  ASO 

-  14  83 

103  1. 

•AAA 

2017. 

•  14  03 

•  7* 

•ASS 

1*14 

*  13  4  1 

S7A  . 

-S40 

ISIS. 

•  12 . SO 

lots 

•  A  7  1 

1AA7 

-  12  IS 

ASA 

•A  1*  . 

ISA  1 

•  1  1  . AA 

832 

•AAA 

1*20 

*10.87 

*40 

•  *84 

1  A34  . 

•  10  3S 

*03 

•SAA 

1  7A  A 

•A  .  7* 

AS*  . 

•  At  * 

1  74  A 

•A  1* 

7*0 

•7** 

1  A  4  * 

•A  S3 

*7* 

•A32 

1311 

•7  *2 

S3  1  . 

•AA4 

1 2  1  A  • 

-7  32 

ASO 

•BOA 

1 0A  A 

-A  71 

4*7 

•447 

*44  . 

•  A  .  10 

270 

•20* 

47* 

•A  AS 

17* 

•  132 

307 

•4  AA 

2*8 

•22S 

4  A  7 

-4  27 

4*2 

-417 

AS* 

•3  St 

843 

-4AA 

1042  . 

•3  OA 

37* 

-33  1 

707 

•  2  44 

1  S3 

•  1  1  4 

2  A  A  . 

-1*3 

iso 

-  10* 

2BA 

•1.22 

1  *7 

-  12* 

2S  A 

•0.81 

147 

•  10* 

28  A 

loco  oo  rcoouoov  oi  mi 


0  0  I C  T 1 00 

to  a  oi  os  oirroococc  to  o 

•ISO.  07  .  -  107 

-  Ill  ISO  -32* 

13*  101  *38* 

•AAA.  ASS  • A 1 S . 

•ASS  AAA  -11*7 

-ASA  AAA  -1004 

•AAA  SCO.  -AAA 

-SAC  334  -714 

• S 1  A .  SAA  -ISO 

•170  AS  -SAA 

•10S  lOS  *lSO 

-ISA  7*  -304 

-11*  *3.  -1*1 

-» 1  *  3  -A* 

•A1  11  -A3 

•11©  SO  -  10* 

1A  -  A 1  AA 

AS  -ISO  ISA 

too  -1*3  2S3 

ISA  • 2 1 A  -  384 

S3*  -SOI  *37 . 

333.  • 3 A  7  730 

•  300  -AAA  S3* 

SAA  -307  AAA 

•3*  -AO  1 

•7*  13  -*2 

-7  -  A 4  A 7 

AA  •  1 A  A  SAA 

A  1  -  1*7  SAA 

A  -A3  AS 

•34  -A3  IS 

•03  33  -IS* 

4  -AS  AS 

17  -AS  AS 

•AO  SO  -AO 

-SAA  200  -ASA 

•  27  A  2H  -  A  A  O 

•  1 A  7  71  .  -SIS 

•  *4  2  A  -  1  1 1 

-S3*  S  S3 ■  -AS* 

-ASA  ASA  -1114 

•A7A  SOS  -ISAS 

*748  ASA.  -1413 

•AAA.  77*  -1S34 


DCFTM 
10  MS 


■CT10M  COMA 001 OTA  ACSOLVtD 

1  OTO 

■AC  DirOOMATlOO  OIOCCTIOOS 
TOUf  DCFLCCTIOO  TOUI  DCFUCTION 
OA  A  10  CMS  OA  A  IO  CMS 


•SS  AS 
•II  II 

-  28  SO 
•24  00 
•24  3* 
-S3  77 
-S3  IS 
•S3  AS 
•21  *8 
•21  34 
-SO  73 
•20  12 
•IS  Al 

-  1  A  *0 
•!*.** 
-17  AA 
•17  07 
•IS  41 
■II  AA 
•IS  24 
•14  AS 
•14  02 
•13  4  1 
•  I  2  . AO 
•12  IS 
■II  AA 
•10  *7 
•10  3* 

-A  7* 

•  0  14 
•A  S3 
•7  A  2 
-7  32 
-A  71 

•  A  1  O 
•A  4* 
•4  AA 
•4  27 

•  3  SS 
•3  OS 

•  2  44 

•  1  A3 
■1.22 
•O  SI 


1  SA3AC-02 

2  A44SC-03 
4  82201-03 
1  *20*1-02 
A  A  A  3  38  *  02 
0  3SS3I *02 
1  OS  IOC • O 1 
I  .  1  A  1 OC - O 1 
1  30(1(01 
1  4  1*41-01 
1  3  4  A  A  I  ■  O  1 
1 . 3S27C -01 
1  2*221-01 
1  14*41-01 
1  .2*111-01 
1  .  27171-01 
1 . 27*41-01 
1  37*41-01 
1  .  2*731 -0  1 
1  3*001-01 
1  42211-01 
1  . 4  A  SOI -01 
1  48721*01 
1  4*721-01 
1  40*41-01 
I  3*2*1-01 
1  S2ASC-01 
1  41031-01 
1  444*1-01 
1  2*421-01 
1  2*441-01 
1  17**1-01 
1  13141-01 
1  234*1-01 
A  *2 1 *1 *02 
1  01041-01 
1  OAASl-Oi 
1 .04721-0  1 
1  1  12*1-0  1 
A  *73*1-02 
A  .  AASAC -02 
A  44*41 -02 
*74121-02 
101 *01*01 


•1  SSS3C-03 
•7  47331-03 
3  4*041-02 
*  34**1 -02 
2  4  1 **C -  02 
2  134*1-02 
-7  *2001-0* 
-2  *8241  -02 
•3  7**41 -02 
-7  1*431 -02 

•7  3*121-02 
*7  777*1-02 
•A  4*321 -02 

•  1  1*4*1-0  1 

-  I  *04*1  - O 1 

•  1  S  30 4 I • O  1 

-  1  *1 *31  - O 1 

-  1  *04  11-01 

•  1  **441-01 

•2  24**1-01 

•2  *27*1-01 

-  2  *07 11-01 
•2  47031-01 
-2  47031-01 
•2  30*01-01 
•2  2*0*1-01 
•3  32321-01 

•  2  34011-01 

-2  37121-01 
-1  *84*1-01 
-2  00301-01 

-  2  O 1 701  - O 1 

•  1  • A  tOC  • O 1 

•  1  *37*1  - O 1 

•  1  SB  1  OI - O 1 

-  1  *72*1  -OI 

-  1  *7721  - O 1 

-  I  *03*1  - O 1 

-  1  4*201  - O 1 

-  I  17331  - O  1 

-  1  23*41  - O 1 

•1  2*3*1-01 

-1  2*401-01 

•1  *4031-01 


ALGCCBAIC  0 1 118MMCI  ISA  ACT  3  OBT4INCO  AM 
A  0  I  ACC  T 1  OH 

M  Al  AS  A I  A*  C AC ACC  IA  A  Cl 


fCAAUAAT  OA  IASI 
C  DIACCTIOA 

■s  oirrcACACt  ■■  • 


OCflCCTIOA  COMAOMINTS  ACS 

I  ATO 

AACriAABD  DC10AMATI0A  0IA1C 
TAUC  DCF l (CT I  ON  TAU 


OF  A  I A  CMS 


0* 


1  OAS 

DCFLCCT10A 
8  I A  CMS 


\ 


2  A  *2 
2*  21 
2*  SO 
24  A* 
34  3  A 
23  77 
23  1 A 
22  AA 
2 1  AA 
2  13* 
20  73 
20  12 
1*  *1 
1  A  SO 
1*  2* 
17  AA 


t  SS 
A  24 
4  S3 
4  02 

3  4  1 

2  AO 
2  1* 

1  SS 
©  *7 
0  3* 

•  7* 

•  14 

•  A3 
7  *2 
7  32 
A  71 
A  IO 
A  4* 

4  AA 
4  27 

3  AS 
3  OS 

2  ** 
l  A3 
1  22 
O  A  1 


AS  3 

•23*  2*7 

•AAA  A  1  1 
•81*  *73 

37*  *320 

ASO  -SO* 

AS*  • A  4  4 

7*  A  -701 

778  -72* 

AS*  -A4A 

*7*  -*22 

7*2  -  704 

8*7  • A33 

A  2  4  -*73 

4  1 A  -38* 

3»*  -34* 

AS4.  -SIS 

*13  • A  *0 

74*  -71* 

ASS  •*** 

103*  -  A  A  2 

SAA  *  A  3  A 

A AO  • A  3 7 

lOl •  • AS  1 

*73.  -Al* 

*32  -AA* 

A  4  4  -AA* 

SOS  -AAA 

AAA  -ASO 

AOS  *  7 A  A 

A AS  *832 

ASS  • A A3 . 
A 84  -SO* 

*07  -48* 

2A2  *222 

173  -12* 

2  A  A  -212 

4  SB  -40* 

B4A  -4*3 

378  -337 

187  -11* 

1*7  • IO* 

17*.  -12* 

ISA  -IO* 


43 

•823 

•ASS 

10*2 

*•• 

toss 

1  140 

144* 

1  BO  1 
1  *30 
1  700 
14*  A 
1  1  20 
SS7 
7*4 
743 
1 0S  2 
1  173 
1  4  A  3 
1  ASS 
202  1 
1*22 
1*17 
1*77 
1  A  A  7 
1A  17 
1*33 
17*  1 
174* 
ISA  1 
13  18 
12  1* 
1  OS  2 
A  S3 
804 
30  1 
47* 
AS  1 
104  1 
713 
272 
2  S3 
300 
2  A  3 


•  1 4  A .  SO 

-201  130 

•  23 A  IS* 

•AO*  427. 

•  A3  1  SSI 

-840  4  A  2 

-470  3 A  2 

- 3A0  32 1 

*313  244 

•ISA  SS 

•IAS  103 

•133  74 

-122  *1 

•AA  •*. 

•A*  2 

•113  3A  . 

A  .  -AS 

S3  *133 

AA .  -IAS 

147  -221 

232  *303 

32A  -40* 

34*  -44* 

23  A  *301 

•40  -3*. 

•  AA  * 

-  10  • St 

AS  -IS* 

AS  -ISO 

-3  -A  1 

•2*  -4* 

-A*  24 

-A.  -S3 

14  -74 

•73  1* 

• 2SA  1*7 

•  2 AO  3  10 

•147  74 

-*1  32 

-343  2*1. 

•BBS  831 

•  A7A .  *07 

•7*1.  *74 

-A4B  770 


-20* 
-33  1 
•407 
•13* 

-  1  1S2 

-  1002 

•  AS2 
•711 
-**7 
-3A2 

•  2  A* 
-207 

-  1  S3 
•84  . 
•71 

•1*1. 
*3 
IBS. 
283 
38* 
B3S 
733 
*34 
*37 
•  4 

•  A7 
BA 

24  1 
24  A 
7* 

1  A 

-  122 

BA  . 
AS 

•  AA  . 

•  4  A*  . 
-4*0 
*221 

•  123 
-*04 

•1127 
-  12*8 
•  142B 
•1*1* 


•  2  A  *2 
-2*21 
-28  SO 
-24 . SB 
•24  3* 
-23  77 
•23  IS 
•22  A* 
•2  1  AS 
-2134 
-20  73 

•  20  12 
•  1*  8  1 
•  is  so 
•1*  2* 
-17  AA 
-17  07 
•IS  4* 
-IS  At 
•IS  24 
•14  S3 
-14  02 
-13  4  1 
•12  AO 
•12  1» 
•11  AS 
-10  *7 
•10  3* 

•A  7* 

•  A  14 
•A  13 
•7  A  2 
-7  32 
-A  71 

•  A  10 

-  A  41 
-4  A* 
•4  27 
•3  AS 
•3  O* 
-2  44 

-  1  A3 
•1.22 
•O  A  1 


2  3*4 11-02 
4  BSSSC-02 
7  04*21-02 

-  1  *77 11-03 
-A  1 *201 -02 

•  1  . 02*41 -OI 

•  1  230 11-01 

-  1  SB  701 -OI 

-  1  *2  101-01 
•1  7*221-01 

-  I  (AOOl • O  1 
•1  2I2AI-OI 
-A  77031-02 

•  7  **0*1  -  02 
•A  4  33 Al  -  02 
•A  *4121-02 
-7  241*1-02 
•A  A3AAI-07 
-A  7*221-02 

•  1  1 47*1  - O 1 

•  1  12  171-01 

•  I  OSAAI-OI 

-  1  03401 -O 1 

-  1  073  11-0  1 

-A  7*001-02 
•A  BA  4  OI  -02 

•  1  0  1*31-01 
-A  20141-02 
•A  74*11-02 
-4  2*371 -02 
•3  43301-02 

•  2  3**71 • 02 

•  I  00011-02 
A  3AA1C-03 
7  47SSC-02 
A  17*11-02 
2  82721-02 
2  1*341-02 
1  **431  -  02 
4  A  7  A  11-02 
•  *7041 • 02 
7  OS • • 1 -02 
A  1AB2C-02 
A  .  3AS4C-02 


•2  **8*1-02 

•  1  **4*1-02 
*•1121-03 

-12  1721-02 
-4  178*1-02 
-4  2* 101-02 
•A  7AA 1 1 -02 
-7*1 *08  -  02 
-A  742*102 

-  1  1  A  04 1  •  O  1 

•  1  2*77* - O  1 

-1  23041-01 
*1  2*S*!-Ol 

•  1  SS 1 31  - O 1 

-  1  *3  101-01 

-  1  7*001  - O  1 

-  1  . A3 A  11-01 

-  1  • A  A  4 1 -O 1 

-  2  27401  - O  1 

•2  4*10(01 

•  2  •***( • O 1 

-2  *7*21-01 

•  2  *  *  A  A 1 -OI 

•  3  0  10  11-01 
•2  **241-01 

-  2  *4471-0  1 
•3  02141-01 
-3  01311-01 
•3  0*471-01 
•2  7*2*1-01 
-2  7*2*1-01 
•2  722*1-01 
•2  73401-01 
•2  *  A  *  *  1  - O  1 

-  2  1**71  - O 1 

•2  14*71-01 
-2  3(211  oi 
-2  37**l-oi 

•  2  4 1  SAC • O 1 

*2  1*431-01 

-2  38*21 -01 

-  2  40**1  - O 1 
-2  1*2*1-01 
•2  7*331 -OI 


Figure  B.34  SI6-FIELD  DATA 


AL6ESRA1C  BIMIMMCI  r»l  SIT 


•  OBTAINED  ON  FIIRUitf  OS  1081 


A  DIRECTION 


•  DIRECTION 


DEPTH 


A 1  AS 


•  iMmaci  in  a  oi  »s  oippirince  so  s 


•*•■•!  ••  i. 

•ts  21  -22*  2SS . 

*2»  SO  -ISO  S3 1 

•2«  SS  *111  S73 

*24  24  404  *342 

-23  77  ISA.  *  S03 

*23  IS  S02 .  • S3  4 

•22. SS  7SO.  *  S  S  3 

*2 1  SS  7SS  -723 

•21  34  SSS  *  S  4  2 

•20  73  SSO  - S 1 3 

•  20  12  7SO  -802 

-IS  SI  SSS.  -S23 

•IS  SO  S2S .  -447 

1121  423  -3S3 

-17  SS  SOS  -33S. 

-17.07  S7S  *  S 1 2 . 

•  IS  44  S  2 1  .  -SSS 
•IS  SI  7  SO  -710 

•  IS . 24  SSS  • SS  2  . 

-14.  S3  1044  • S  7  4  . 

-  14  02  SSO  - S  27 

-13.41  SSS  -S32 

-  12  40  1 O  2  S  -SSS. 

-12  IS  S  72  -003 

*11  SS  SSS  -S7S 

•lO  S  7  SSS  -442 

•1034  S 13  -S4S 

■I  II  SOS  - S  4  2 

•S  14  SOS  -747 

-4  S3  SSS  -SSS. 

• 7 . S 2  442  - S  77 

•7  32  SSO  -4SS 

•4  71  SOS  -SSS 

-4  1©  243  -210 

•S  4  S  1 S  2  -123 

-4  SS  27S  -21© 

•4  27  SSS  -40© 

•3  SS  SSS  -4SS 

•3  OS  3S2  -330 

•2  44  I  S 4  -  1  OS 

-  I  S3  ISO  • S  S 

•I  22  I S  2  -  122 

-o  SI  IBS  - lOO 


SI  . 
•  S  27 
•07  1 

-  1004 
744 
107  1 
1  1  40 
1443 
ISOS 
1037 
1  SS  2 
1442 
1112 
SOS  . 
7  7  S 
744 
1047 
1178 
1470  . 
1SS4 
20  1  4 
10  17 
10  14 
1044 
1S7S 
ISIS 
1  S3  1 
1  7  S  2 
1  74  S 
1  SS  2 
1313 
ISIS 

loss 

SSS 
4  S  2 
SOS 

sss 

SSS  . 

1037 

712 

273 

SSS 

304 

SSS 


•  1 SS  SS 

•203  I2S 

•247.  ITS 

•4SS.  430 

•82*  SS7 

• S33  470. 

-•SS  sss 

-37S  SSS . 
•SOS  SSS. 

•  IS  1  1 oo 

•iso.  ios 

-  ISO  si 

•IIS.  S4 . 

-4B.  -3. 

-S3  11. 

•104  3S . 

20  -SB. 

SI  -  1  2  S 

103  -  IS  1 

1 S  7  -220 

244  -301 

344  -3S3 

•  300  -  4  3 S 

240  -300 

-34  -31- 

-74  17 

-2  -SB 

S  2  -  IBS 

SS  -IBS 

7  .  -70 

-  IB  -42 

-SS  27 

S  -SS 

20  -SI 

-SS  IS 

-2S4  204 

•270  214 

*  1 • 1  SO 

-74  38. 

-338  282 

-80  2  B  30 

• S  4 1  411 

-7SO  477 

*  S37  770 


•  20  1 
•33  1 

•  4  2  S 
•S  IS 
1  1  S3 
100  2 
•SSS 
-70S 
•sso 

•  28  1 
-SSS 
-  2  1  1 

•  17S  . 
-43 
-  S4 

•  142  . 
108 

1  SS 
284 
377  . 

sss 

737 

S2S 

SSO 

-3 

-SS 

S3 

244 

SB  1  . 
77 
23 

-  1  IS 

SS 
•  1 
•SS 
•440 
•444 
-22  1 
•IIS 

-  4  2  1 
1  132 
1282 
1427 
1  807 


si cis as i c  difference  for  sit 


S  OBTAINED  ON 


FEBRUARY  10  1SS1 


A  OINICTION 


I  DIRECTION 


A 1  A2 


DIFFERENCE  IN  A  81  12  DIFFERENCE  IN  B 


28  82  AS  4  . 

2  S  21  -234  SSS 

2  S  SO  -SSS  SIS 

24  SS  -SIS  STO 

24.34  3S2  -338 

23  77  SSO  -SOS 

23  IS  SSS  *  S4  S 

32.84  744  -111 

2  I  SS  774  -724 

21  34  SSS  -S4S. 

20  73  472  -SIS 

20  12  74S  - SS  7 

IS  SI  883  -SIS 

IS  BO  S  3  4  -470 

1  S  28  4  1  S .  -SS* 

17  IS  400  -344 

17  07  S70  -SIS. 

IS  .  44  SIS  -BBS 

IS  SS  78  7  -  7  1  S 

IS  24  SSS  -S02 

14  S3  1040  • • 7  S 

14  02  ■ S  7  -830 

13  4  1  S  4  4  -S3* 

12  40  1022  -SSS 

12  is  SSS  -SOS 

1  1  SS  833  -478 

10  S  7  844  • 4S7 

10  3  4  SOS  -SSI 

•S  7*  SSS  -S44. 

•S  14  7SS -  -748 

•4  S3  SSS  -S2S 

•7  82  *37  -S7S 

•7  32  SSS  -S02 

- S  71  SOB  • 4S 1 . 

•4  10  274  -21S 

•S  4*  177  -12* 

•4  44  274  *211 

•4  27  4S4  -403 

•3  4  S  SSS  -400 

-3  OS  3  7  S  -332 

•2  44  1  SS  -IOS 

-143  1  SS  -102 

-  1  22  174  -  1 28 

•0  4  1  1 B  3  -102 


37 

-  S  3  4 
*  •  78 

loss 

72  1 

1044 
1  143 
144  1 
1  SO  2 
1  S  SS 

1  sss 

1442 
1  IOS 
sss 
774 
744 
1044 
1174 
1473 
1  SSO 
20  18 
18  17 
1  S20 
1SS4 
1  S  7  4 
1  S  1  2 
1  S3  1 
1  7  S  B 
1747 
1  S  4  3 
13  11 
1  2  1  S  . 
lOSS 
SSS 
4  S  3 
302 
SSS 
SS  7 
I03S 
7  10 
2  S  7 
28  7 
2  S  S 
284 


•  147  84 

•187  124 

•282  173 

•SOS  433 

•  S  3  4  88  7 

•843  443 

•4*7  401 . 

•382  321 

•  3  1  S .  244 

•  1  SB  103 

•170  IOS 

•142  4* 

•I2S  87 

-  S  2  O 

•  7  S  12 

-112  *4 

•  •  78  . 

SS  • 1 2  S 
84  .  -ISO 
144  -212 

232  • 282 

338  • 3  S  4 

372  -43* 

23S  -2*7 

-43  -28 

-4*  22 

-  12  -SO 

43  *184 

•4  -IBS 
-  S  *  87 

•24  -34 

•S3  34 

•  S  -84 

•17  -72 

-70  11 

• 2S  4  202 

•2SB  212 

-14S  42. 

•SS  40 

-341  274 

•SSO  S3* 

-8*2  *07 

-747  *41 

•  •  •  3  7  S  4 


-  2  1  1 

-  323 

-  4  2  S 
-S3* 
1  1  •  S 
1  004 

•  sss 

-7  13 

-SSS 

-2SS 

-27S 

-  224 

-  IBS 

-S3 

-SO 

-  IS* 

•  2 

1  S  1 

2  8  4 

3  S  4 
824 

7  17 

4  1  1 

sss 

-  I  4 

-  104 

•  S 
237 
23* 
S  2 
1  3 

-  127 

4  S 
SB 
-4  1 
•SSO 
-4*1 

-  23  1 

-  1  3  S 
-817 
1114 
1  2  4  S 
1424 
1  40* 


IN  MS  . 

•SS  S3 

-38  21 

-  SS  so 

-24  SS 
*34  34 
-23  77 

•  23  IS 
•32  SS 

-  2  1  SS 

-  2  1  34 
*20  73 

-  20  12 
•IS  SI 

•  14  SO 
‘14  2  S 
-17  44 
•17  07 
•IS  4  S 

•  IS  SS 
•IS  24 

•  14  S3 

-  14  02 

-13  4  1 
-12  40 

•12  IS 
•I1SS 

-  lO  *7 

-  10  34 

-8  78 
•8  14 

-  S  S3 
-7  *2 

•  7  32 
•S  7  1 

•  4  10 
•sss 
•4  44 
•4  27 
•3  AS 
•3  OS 
*2  44 

-  1  43 

•  1  22 
-O  4  1 


depth 

MS 


INTO 

TRUK 

OEFlICT ION 

TRUE  DEFLECTION 

or 

A  IN  CMS 

or  B  IN  CMS 

3 

201  IE- 

02 

-  1  .  43401  - 

02 

4 

•4101- 

07 

-  1  0  10*1- 

02 

7 

48841- 

02 

•  1  175*1- 

02 

4 

S  1*4!  - 

03 

-3  SSOftl- 

03 

-  1 

44001 • 

02 

-  4  23*21  - 

03 

-  a 

03441  • 

02 

-  4  5**01- 

03 

-4 

42431  - 

02 

-•  *42*1- 

03 

•  4 

*4  1  31  - 

02 

-  2  *73*1  - 

02 

-7 

40441  - 

02 

•  1  *0*21- 

02 

-  S 

•S4«l • 

02 

•  3  0  14*1- 

02 

-  S 

70471  - 

02 

-«  *4**1  • 

02 

-7 

44011- 

02 

-S  *7**1- 

02 

•S 

SSO  1 1- 

02 

-ft  S2441- 

02 

•  4 

*4441  - 

02 

•  4  07*01  - 

02 

-  3 

*4**1  - 

02 

-7  334SE- 

02 

•  4 

•  2**1  - 

02 

•  7  1  *  SSI  - 

02 

-  4 

14421- 

02 

-*  • 2*31  - 

02 

-  7 

17471- 

02 

-ft  442*1- 

02 

•  * 

04401  - 

02 

-•  00*41- 

02 

-  4 

ISIS!  - 

02 

•  *  4*3*1  • 

02 

-  * 

32121- 

02 

-  1  03  171- 

O  1 

-  S 

*3321 

02 

-*  ••••!- 

02 

-  4 

4*251  - 

02 

•  1  042*1  - 

O  1 

-  S 

042SE - 

02 

-  1  170*1- 

O  1 

-  4 

44*41  - 

02 

•  1  0*471- 

0  1 

-  S 

20411- 

02 

•  1  14211- 

0  1 

•  1 

1**21- 

O  1 

-  1  1  1701  - 

O  1 

•  1 

07041  - 

O  1 

-  1  0**41  - 

O  1 

•  1 

0***1  - 

0  1 

-  1  0*031  - 

O  1 

-  7 

470*1 • 

02 

-  4  13*11- 

02 

-  7 

3  1*71- 

02 

-  7  4*0*1  - 

02 

-  S 

44441  - 

02 

-S  4*7*1  - 

02 

•  s 

73*01  - 

02 

-4  7***1- 

02 

•  4 

*7  1  1  1  - 

02 

-  *  4  1201- 

02 

2 

01071* 

03 

-  1  72401  * 

02 

-  4 

1*241- 

03 

-  *  22111- 

03 

-  3 

*21*1- 

02 

-  1  703*1  - 

02 

-  4 

40**1  - 

02 

-  2  0  i  721  - 

02 

-  S 

7*4*1  - 

02 

-  1  s  o  *  *  1  - 

02 

-  2 

2*021  - 

02 

-  1  7* •  1  1  - 

02 

-  4 

72231  - 

03 

•  *  0*411 

02 

3 

•  4431  - 

03 

-  ft  77241  - 

02 

2 

1  3S2E  - 

02 

-7  3**31 

02 

1 

740  1  8  - 

02 

•4  005*1- 

02 

INTO 

PRIPIRIEO 

DirONMAT | ON 

D  1  R1CT  1 ONS 

TRUE  OIFlICTIO* 

TRUE  DEFLECTION 

or 

A  I  N 

CMS 

or  s  in 

CMS 

1  7***1 

-02 

•4  04341 

-  02 

1  44S31 

•  02 

-2  *4701 

-  02 

4  22141 

-02 

-2  737*1 

-  02 

• 

1  43121 

-  02 

-«  4*2*1 

•  02 

• 

4  87*71 

•  02 

-4  34441 

-  02 

•  13*41 

-  02 

-  •  1*321 

-  02 

*  40*41 

-02 

-  1  13341 

-  O  1 

• 

1  12441 

-  0  1 

-1*0*41 

•  0  1 

• 

1  23441 

-  0  1 

-  1  5*131 

-O  1 

1  347*1 

-  O  1 

-  1  *8  7*1 

-  O  1 

- 

1  272*1 

-  O  1 

-2  24*01 

-  0  1 

1  05341 

-  O  1 

-2  40*21 

-  O  1 

4  *5*01 

-02 

-  2  4*4*1 

-  0  1 

- 

7  30211 

-  02 

-  3  7*0  I  1 

-  O  1 

- 

5  04**1 

-02 

-3  *5**1 

•  O  1 

- 

S  17121 

-02 

-3.73*31 

-  O  1 

- 

ft  05**1 

-02 

-  3  *3  171 

-  0  1 

• 

ft  37**1 

-  02 

-  4  1  *701 

-  0  1 

- 

«  34451 

-02 

•  *  *  1  1 41 

-  O  1 

ft  40111 

•  02 

•*  44*71 

-  O  1 

- 

4  40411 

-07 

-  *  2  1*31 

-  0  1 

• 

3  *4121 

-  07 

-S  «**«! 

•  0  1 

• 

-02 

-S  7*521 

-  O  1 

7  730*1 

-03 

-4  0**21 

-  0  1 

- 

•  233*1 

-  O* 

-  4  1*441 

-  0  1 

2  017*1 

-03 

-4  34*71 

-  0  1 

• 

1  44431 

-02 

-  4  4*171 

-  O  1 

-03 

•  4  4*1*1 

-  0  1 

1  740*1 

-03 

-4  42**1 

-  0  1 

3  037*1 

-02 

-  4  4*7*1 

-  0  1 

3  42441 

-02 

-  4  •  «  •  •  1 

-  0  1 

«  70*41 

-  02 

-  «  *7231 

-  O  1 

ft  *5231 

-02 

-  7  11*31 

-  0  1 

4  *0111 

-02 

-7  4  *  4  2  E 

-  O  1 

1  374*1 

•  O  1 

-  4  **4*1 

-  0  1 

1  23*41 

-  0  1 

-  4  *1141 

-  0  1 

•  *71*1 

-  02 

-4  • S  7  3 1 

-  0  1 

ft  *  1 0*1 

-02 

-7  13571 

-  0  1 

4  33121 

-02 

-  7  22071 

•  0  1 

1  13301 

-  0  1 

-  7  1  4**1 

-  O  1 

1.107*1 

0  1 

•7  204*1 

-  O  1 

1  1 4*  ft! 

•  0  1 

-7  3*031 

-  O  1 

1  27401 

-  0  1 

-7  *5111 

•  0  1 

1  12241 

-  O  1  * 

-  0  1 

Figure  B . 35  SI6-FIELD  DATA 


- 


314 


A  D1BICTI0B 

oirrcaoaco  ta  a 


obuabv  n  ioai 
•  eiaicTioa 

■s  oirrootacc  la  • 


laro 

BCD  DC  r  OB MAT  I  OB  0IBCCTJ0B4 

TBUC  OIFlICT  10a  TBUK  0«B LCCT  1  OB 

or  a  ia  cms  or  ■  la  cms 


•*o . it  A?  .  s 

•SO  si  *SSt  SM 

•SI  JO  -40©  017. 

•SO. 00  *010  too 

•24.30  301 .  >330 

•S3  73  OOO  *007 

-S3  10  007  -040 

-SS.00  *  7A0  *701 

-SI  00  770  -720 

•SI  30  007  *003 

•SO  73  07A.  -010 

-SO  is  7A0  -700 

•10  01  000  -030 

•1000  033  • A70 

•  10  SO  A  10 .  -300 

•17  00  300  -340 

-17  07  000  -010 

•10  AO  010  *003 

•  10  00  702  -710 

•10  SA  000  -001 

•  1  A .  03  1OA0  -002 

•  1 •  02  000  -030 

•  IS  A  1  002  .  • 0 • O 

•1200  1010  -007 . 

•1210  001  -010 

•11  00  033  • 00 A 

•  10  07  0  A  0  -00  1 

- lO  30  007  -007 

•0  70  000  -OOO 

•0  1 A  OOO  -707 

-0  03  OOO  -033 

•7  02  037  -007 

•7.32  002  -OOO 

•0  71  OOA  -401 

•0  1  ©  SOI  *810 

-0  40  170  -ISO 

•4  00  200  *210 

•A  27  AO  1  -AOO 

-3  00  0  A  7  -40  1 

•3  00  300  -342. 

•  S  .  AA  100  *110. 

•  1  03  103  -100 

-  1  22  172  -  1 27 

•001  130  • IOC 


AS 
•033 
-077 
1004  . 

720 
1007 
1143. 
1  A 47  . 
1000 
1030 
1003 
1440 
1110. 
OOO 
770 
740 
1000 
1  170 

1470 
1000 
2022 
1022 
1022 
1000 
107  1. 
10  17 
1037 
1704 
1740 
1007 
1310 
122  4  . 
1000 
OOO 
400 
300 
404 
OOO 
1030 
727 
273 
200 
200  . 
200 


-  140 
-300 
-203 
-OOO 
-027 
-033 
•AOO 
•303 
-311 

-  100 

-  104 

-  134 

-  ISO 
•OO 
-70  . 

-  104 

0  . 
00 
07 
147 
230 

. 

374 
230 
•40 
•00 
•  0 
00 
0  1 
•3 
•SO 
•04 
O 
10 
-00 
•200 
•307 

•  140 
-OO 

•347 

•000 

•  OOO 
-740 
•010 


02 

120 
lOO  . 
437 
007  . 
400 
307  . 
327 
24  1  . 
00 
1  to 
00  . 
00  . 
o 
12 
30 
•02 
-120 
-  103 
•22  1 
•200 
-200 
•437 
•  200 
•20 
1  1 
-03 
•  10  1 
•  100 
•7  1 
-42 
20 
•00 
•  00 
23 
204 
3  10 

a  i 

37 
270 
02  1 

004 

OOO 

70© 


•202 
•333 
•433 
•043 
1104. 
•OOO 
•000 
•7  10 
•002 
•  204  . 
•274 
•223 
-  100 
•OO 
-02 

-  130 

0  I 
107 
200 
300 
037 
720 
0  1  1 
034 
-21 
•07 
04 
237 
347 
00 
22 

-  123 

00 
a  i 
•02 
•473 
•477 
•220 

-  1  1  7 
•020 
1117 
1204 
1  404 
1000 


•20  02 
*20.21 
•20  OO 
•24  00 
•24  30 
-23  77 
-23  10 
-22  00 
•  2  1  00 
•2  1  34 
•20  73 
-20  12 
•10  0  1 

•  1  0  OO 

•  10  20 

-  17  00 
•17  07 
•10  40 
•  10  00 

•  10  24 

•  1  4  03 

•  14  02 
-13  41 

•  1  3  OO 
-12  It 
•11  00 

•  lO  07 

-  1 0  30 

-0.70 
-0  14 

•0  03 
•7  02 
•7  32 
-0  71 
•0  10 
•0.40 
•4  00 
•4  27 
•3  00 
-3  OO 
•2  44 
•  1  03 
•1.22 
-O  0  1 


1  00031-02 

2  0  BOOK -02 
0  2000C-02 

•3  20301-03 
•0 . 23000-03 
•7  43000-02 
•0  43740-02 
•1  00230-01 
•1  10020-01 
•1  30700-01 
•1  22020-01 
-0  73000-02 
•7  10100-02 

•0  30770-02 
-3  40030-02 
-4  40000-02 
•0  04200-02 
•0  00070-02 
•4001 00-02 
•0  04040-02 
-0  00470-02 
•0  74410-02 
•3  47000-02 
•2  42030-02 
-1  77100-02 
•1  00000-02 
•2  00200-02 
•0  10210-03 

•4  00020-03 
4  OOO 10-02 
0  10070-02 
7  00030-02 
0  10110-02 
0  00030-02 
1  44000-01 

1  47300-01 

1  10700 -Ol 

1  00020-01 
0  02770-02 
1  04000-01 
1  02000-01 
1  00700-01 

1  00740-01 
1  23010-01 


2  40701-02 

2  20730-02 

3  70310-02 
0  03700-02 
0  00000-02 
0  07430-02 

4  30300-02 
1  03400-01 
1  02370-01 
1  10000-01 
1  37700-01 
1  02330-01 

1  74730-01 

2  04000-01 
2  27000-01 
2  21300-01 
2  20030-01 
2  30240 -01 
2  00300-01 

2  00040-01 

3  04340-01 
3  10440 -Ol 
3  42400-01 
3  72700-01 
3  03120-01 

3  00340-01 

4  04100-01 
4  14330-01 
4  14000  - O 1 
4  04000-01 
3  00040-01 
3  00720-01 
3  00070-01 
3  00070-01 
3  4  1 040  - O  I 
3  40020-01 
3  40310-01 
3  04000-01 
3  42070-01 
3  00000-01 
3  43300-01 
3  40000-01 
3  4 1 070  - O  1 
3  21040-01 


1C  0 1 rriBBBCt  roo  set  7  OOTAIBCO  OB  rCOBUABT  20  100  1 

A  OIBICTIOB  0  OIOSCTIOB 


41  42  OirrtOtBCI  IB  A  01  02  OirrtOSBCK  IB  0 


OtBTB 
IB  MO 


OtrLtCTIOB  COMBOBtBTS  OKSOIVCO 
I  B  7  0 

BBCrCBBCD  DCrOBMATIOB  OIBCCTIONS 

tbuc  ocriecTioa  tbuo  oortocTioa 
or  a  ib  cms.  or  0  ia  cms 


20  02  40  10 

20  21  -230.  203 

20  00  -400  010. 

24  00  -012  071 

24  30  304  -220 

23  77  002  -OOO 

23  10  002  -040 

22  00  740  -700 

2100  701  -727 

21  34  000  -040 

20  73  077  *010 

20  12  747  -700 

10.01  007  -030 

1000  020  -471 

10  20  420  -300 

17  00  404  -340 

17  07  071  -010 

10  40  020  >001 

10.00  700  -710 

10  24  004  -002 

14  03  1047  • 004 

14  02  002  -030 

1 3  41  000  >030 

1200  1 024  -007 

12  10  071  -010 

1100  030  -004 

to  07  040  *000 

•1C  30  010  -003 

•0  70  002  -040 

-0  14  OOO  -702 

•0  03  000  -020 

•7  02  030  -001 

•7  32  OOO  -003 

•0  71  OOO  -440. 

•01O  277  -210 

•0  40  170  *130 

-4  40  272  -210 

-4  27  400  -400 

•  3  00  OOO .  -4«1 

-3  OO  301  *  330 

-  2  44  100  .  -  107 

-1  03  104  -07 

•  1  22  173  -  ISO 

-O  01  10O  -07 


30 

-032 
•070 
-  1004 
7  1© 
IOOO 
1  147 
1440 
IOOO  . 
1037 

1  too 

1447 

1110 

OOO 

770 

700 


•IOO 
-302 
-241 
•403 
-042 
•040 
•404 
•300 
-310 
-  1  00 
-172 
•  130 
-120 
•00 
-  00 
-113 


01 
120 
1  07 
420 
OOO 
473 
304 
327 
300 
IOO 
IOO  . 

00 

07 
2  . 
0 

30  . 


-211 

•330 
-400 
•0  10 

-  1  104 

-  1013 
-OOO 
-7  17 
•OOO 

•  272 
-200 

•  224 

-  103 
•OO 
•  70 

-  102 


-20.02 
-20  21 
•20  OO 
•24  00 
•24  31 
•23  77 
-23  10 

-22  00 
-21  00 
-21  34 

-20  73 
•20  12 
-10  0  1 
•  10  00 
■10  20 
>17  00 


1  04000-02 

2  02400-02 

3  70440-02 
3  10000-02 
0  72020-02 
0  02100-02 
1  1  1040  -O  » 

1  10400-01 
1  10700  -  ©  1 
1  31320-01 
1  00300-01 
0  17030-02 
0  30000-02 
3  31030-02 
1  33000-02 
7  07000-03 


1000 

4 

-  40 

00 

-  1  7  07 

-7 

00  1  00  -03 

110  1 

04 

-  120 

102 

•  It  40 

-  1 

13300 -02 

1  470 

00 

-  100 

344 

•10.00 

1  . 

11100-02 

1000 

130 

•  203 

342 

-10.24 

1 

71400 -02 

203  1 

220 

•  200 

02  1 

-  14  03 

4 

10200 • 02 

1027 

324 

-  307 

7  1  1 

-  1  4  02 

0 

70200*02 

1027 

370 

•434 

OOO 

-13.41 

0 

00200-02 

100  1 

233 

-  200 

032 

•  12  OO 

1 

17200 -O 1 

1  00  1 

•  to 

-27 

-30 

-  12  10 

1 

47010-01 

1022 

•03 

22 

-  1  10 

•II  00 

1 

00770-01 

1030 

•  10 

-02 

33 

-  10  07 

1 

70300 -Ol 

1703 

70 

-  144 

323 

-  10  30 

1 

03330-01 

170  1 

03 

-10  1. 

234 

•0  70 

2 

lOOOO - O 1 

1000 

-0  . 

•00 

07 

•0  14 

2 

02700  -0  1 

1313 

-30 

•33 

3 

•4  03 

2 

700 10-01 

1210. 

-  102  . 

30 

-  137 

•7  02 

2 

07200 -Ol 

1000 

•  12 

•40 

37 

-7  32 

3 

17430 -0 1 

too 

IO 

•00 

to 

-0  71 

3 

34720  -Ol 

407 

-70 

20 

-04 

•  0  10 

3 

04700-01 

304 

•204 

200 

•400 

-0  40 

3 

70200 -Ol 

400 

-  270 

217 

-403 

•4  00 

3 

01  020  -  0 1 

002 

-  147 

0  1 

-224 

•4  27 

3 

00370-01 

104  1 

•  1  OO 

42  . 

-  142 

•3.00 

3 

00400-01 

7  11 

-340 

200 

-  004 

-3  OO 

3 

04700 -Ol 

203  . 

•OOO 

020 

•  1  1  34 

♦2  44 

3 

03300  -Ol 

20  1 

•003 

tie 

•  1203 

•  1  03 

3 

02070 •© 1 

303 

-747 

070 

•  1417 

•  1  22 

3 

40440  -  0 1 

247 

•002 

722 

•  1024 

•0.01 

3 

10730-01 

•4  10070-02 

*3  42001-02 

-  1  20700  -  02 

-0  20  IOC -03 
-0  22300-02 
-0  70000 -02 
-7  20240 -02 

•  1  01  ooc - o 1 

•  1  10700  -01 

-  t  ootoc - O 1 
-1.00100-01 
-2  13020-01 

•  2  3  1000  -01 

•  2  0  IOOO -Ol 
-2  00030-01 

•2  04000-01 

-  3  07070  -0  1 

-  3  232  10  -0  1 

-3  74000 -01 
•4  20730-01 
•4  00020-01 
•4  00030-01 

•0  14000-01 

-0  40100-01 

-0  07020-01 

•0  10000-01 
•0  02000-01 
-001130-01 
-7  02330-01 
-7  02020-01 

-7  24000-01 

-7  30030-01 
-7  00210-01 

-7  03020-01 

•7  00140-01 
-7  00300-01 
•7  00230-01 

-7  00000-01 

•0  30020-01 

-0  10400-01 

•0  30000-01 

•a  ooaoc-01 

•0  00720-01 
•7  04070-01 


Figure  B.36  SI6-FIELD  DATA 


315 


•ASIC  DATA  ROR  COMPUTATION 


TNI  NOK  NAS  SCCA  ACAD  ON 
CALIBRATION  •(AOINCI  WIRE  TAKEN  ON 
**»■  OCEREST  NEA01N6  IS 
THE  SHALLOWEST  REAOINC  IS 
TNE  C  L  AMR  RISES 


7  OCCASIONS 
01 C EMR E  R  >2  lose 
ii  oo  rest 
a  oo  rest 

2.00  REST  ABOVE  CROUNO 


TNE  ANCLE  BETWEEN  TNE  "A*  AIIS 
AND  THE  AIIS  OR  RRINCIRAL 
0ER0RMAT10N  IS  I  II  OSOREES 


AL0E0RA1C  OIRRIRCNCE  IN  CALIBRATION  READINGS 


A  DIRECTION 


0  0  I RCCT 1  ON 


At  A2 


0  I R  R  BRCNC I  IN  A  Ot 


02  0  I RRCRENCE  IN  0 


■ 2S  S  2  002  • 02T 
• II  21  TOR  *  70S 

*  2S  SO  1108  *IOS3 
II  SS  ISOS.  *1202 

•21.31  877  *001 
*22  77  000  -0J1 
•23  IS  S27  *072 
•22  SS  SOO  -AOS 
•21  SS  OOS.  -277 
•21  SO  SOS  ' 200 

-  20  78  232  'ISO 
•20  12  200  *229 

•  10  S 1  ISO  • 100 
•II  SO  SOS  *102 
•10  20  9SO  -300 
*17.80  0  13  *  3S0 
•17  07  027  '303 
•1000  000  -037 
•IS  OS  370.  -300 
•IS  20  220  -271 
•10  03  300  -200 
•10  02  SOS  -300 
•13  0  1  0  lO  • 300 
•12  00  300  *232 
•12  10  100  *00 

-  1  1  80  2  IS  -  10  1 
-lO  07  207  '202 
•10  38  330  -202 

•0  78  02S  *307 
•010  071  -010 
•0  S3  SOS  >007 
•7  02  SOO  • S  3  0 
-7  32  070  -020 
•0  71  OOS  -022 
•0  10  310  '288 
•S  00  221  -ISO 
•0  00  100  >02 
•0  27  128  -87 
*3  SS  78  *  0 
•SOS  -S3  IIS 
•2  00  • 1 28  ISO 
•1.03  -118  170 
-1.22  -SO  122 
•O  SI  -00  108 


1  SOO 
1000 

2  1  SO 
2000 
13  10 

0  18. 

sto 

sso 

023 
SS3  . 
0  12 
111 
278 
027 
080 
707  . 
700 
031 

•  70  . 
SOO 
820 

•  70 
780 
830 
233 
380 
S30 

•  21 
7S2 

•  OS 
1072 
1128. 

•  03 

•  07 
S72 
378 
20  1 
102 

•  0 
•  1  so 

-SIS. 

•SOS 
-  too 

'237 


•OOS  370 

•1  *123 

OS.  -187 

•OS  00 

'•oo  700 

1010  030 . 

1002  1030 

1100  1102 

1107  1138 

1210  1 130 

1110  1000 

1000  070 

•002  022 

•080  70  1 

•837  0S7. 

-027  370 

-300  202 

•222  130 

•87  8 

•SS  IS 

-00  lO 

-0  -82 

SS .  '128 

•30  -22 

•3SS  100 

•200  230 

•  33  1  200 

•003  308 

•833  000 

•003  837 

•080  SOO 

•SOI  018 

•007  730 

'738  870 

•000  008 

•  S  I  0  SSO 

•803  OOO 

•OSS  307 

•OOO  300 

•283  220 

•200  108 

-312  287 

•300  328 

•028  373 


-020 
1  00 
283 
•  120 
-1808 

•  1083 
•2M8 
•228  1 
•2322 
-2380 
•2100 
•2030 
•1710 
•1031 

•  1000 

-  7  •  7 
•028 
•38  1 

-73 

•  70 
•70 

SO 
10  1 

•  17 
*038 

-  838 
•OOO 
-080 

•  1002 

•  1  1  OO 

•  1  300 

•  13  •  7 
-  1837 

•  1  OOO 

•  1  208 

•  1  1  8R 

•  1023 
•088 
•70S 
•  82  1 
•028 

•  8  8  S  . 

•  708 
-78  8 


Figure  B.37  SI7-FIELD  DATA 


■« 


A  DIRECTION 

DIMIHICI  I  N  A 


•AUAMV  1  till 
•  OltICTIOI 

■2  OirFCRCNCI  IN  • 


DEFLECTION  COMPONENTS  RESOLVED 

I  NTO 

iflrORRCO  01 F 0  MM* T | OH  DIRECTIONS 

TAUI  DEFLECTION  TAUC  OtHICTIOM 

or  a  in  cms  or  o  in  cm 


•20  02  -ESA 

-20  21  702.  -700 

•20  SO  1120.  -  toil 

•24  1233.  *1304 

•24  30  701  >047 

•23  77  402  -030 

•2310  024  -470 

•22.00  002  -400 

•21  00  440.  -304 

-21.34  314  -343 

-20  73  227.  -107. 

•20  12  202  -231. 

•10.01  100.  *110 

•10  OO  242 .  -  100 

•10  20  340  -304 

•17  00  400.  -307 

-17  07  422  -373 

•10  40  440 .  -440 

•  10  00  370  -300 

•10  24  324.  -270 

•14  03  340  -200. 

•14  02  300  -312. 

•13  41  400  • 300 . 

-  12  00  202 .  -24  1 

•1210  142  -07 

•11  00  200  -101. 

-  I©  07  200  -240 

•lO  30  330  -207 

•0  70  410.  -370 

-0  14  470.  -422 

•0  03  002  -Oil 

-7  02  000  -042 

-7  32  474.  -420 

•0  71  401  -420 

•0  10  307  • 300 

-0  40  210  -103 

•4  00  140.  -00. 

•4  27  *120  -70 

•300  00  -17 

•3  00  -00  00 

-244  -ISO  103 

•  1  03  -12  1  100 

•  1  22  -00  .  1  13 

-O  01  -00  140. 


1022  . 
1472  . 
2170 
3037  . 
1340 
02  1 
1003  . 
000 
024 
000 
4  14. 
0  13 
203 
420  . 
003 
700 
700 
033 
070 
ooo 
030 
072 
704 
033 
220 
300 
044 
023 
700  . 
002 
1073 
1  132 
003 
0  10 
000 
270 
340 
100 
00 

•  100 
-313 
•207 
-  102 

•243 


-401.  373. 

00  *130 

00  -174 

•132  30 

-700.  730 

•1010.  030 

-IDAS.  1O10. 

•1102.  IOOO 

•  1  102  1  130. 

•1217.  1130. 

•  1 121  1040 

•1003.  000 

•000  010 

•047  777 

•037.  407 

•427  371 

•340.  270 

-2  17.  10  1  . 

-07  4 

•07  0 

•00  o 

-13  -71 

•  04.  -132 

-40  -31 

•204  101  . 

•303  232 

•341  200 

•400  301 

-033  402 

•000  031 

•000.  000 

•004  010 

•OIO  720 

-740  000 

•002  003 

-010  047 

•002.  400 

•400  300 

•403  344 

•200  237 

-240  170 

•310.  243 

•301  312 

•430  300 


•024 

100 

273 
•  100  . 

•  1034 

-  1040 
•2103 
-3242 

2322 

•3302 

-2107 

•2030 

-  1700  . 
•1024 

-  1004 
•700 
•010 
•300 

•71 
-72  . 
-00 
00 
100 
•  17 
•440 
•030 
-007 
•007 
•000 
•1120 

•  1230 

-  1204 
•1030 

•  1400 
•1200 
•1102 

-  1032 
•000 
-747 
•033 
•4  10 
•001 
•003 
-700 


•20  02 

•  20  2  1 

•  20  OO 

•  24  00 

•24  30 
•23  77 
•23  10 
-22  00 
•3  1  00 
-21.34 
-20  73 
-2©  12 
•10.01 
•10.00 
•10  20 
-17  00 
•17  07 
•10  40 
•10  00 
•10  24 
-14  03 

•  1  4  02 
•13  4  1 
•12  00 
•12  10 
•1100 
-10  07 

•  lO  30 

-0  70 
-0  14 

-0  03 
•7  02 
•7  32 
•0  7  1 

•0  10 
-0  40 

•4  00 
•4  27 
-3  00 
•3  OB 
-2  44 

-1.03 
-  1  22 
•O  0 1 


2  O 1 200 *02 
2  30700-02 
4  00030-02 
1  00020-02 
0  10270-02 
7  01000-02 
7  01030-02 
0  00000-02 
0  00070-02 
0  70470-02 
1  00340-01 
1  03300-01 
1  10000-01 
I  10000-01 
1  .  20000-0  1 
1  17000-01 

1  .  24270-01 
1 . 27000 -O 1 
1  31400 -Ol 
1  .  3  1200-01 
1  .  20000-01 
1  32040-01 
1  4 1 340 -O 1 
1  30700-01 
131 040 -O 1 
1  31040-01 
1  30020-01 
1  42700-01 
I  37040-01 
1  47010*01 
1  40110-01 

I  00010-01 
1  00070 -Ol 
1  03340-01 
1  04020-01 
1  00000-01 
1  03410-01 
1  07000-01 
I  00240-01 

1  00170-01 

2  01200-01 
1  07000-01 
2 . 02000-0  1 
1  03000  *  O 1 


4  00700-03 

1  30200-02 
3  01000-02 
3  11000-02 

1  03130-02 
0  40070-04 

2  00000-02 
3  03300-02 
3  04210-02 
3  00720-02 
3  40700-02 

3  4740002 

4  400  10-02 

0  02070 -02 
0  004  10  -02 
0  30000 -02 
7  10110*02 
7  07400-02 
7  00420 -02 
0  20000-02 
0  004*0-02 
002130-02 
0  .  33200  -02 
0  30701-02 
7  70200-02 
7  70200-02 
0  07700 -02 
0  00020-02 
7  03000-07 
1  0  1 270  - O 1 
1  00070-01 
1  14120-01 

1  1  1040  -O  1 

1  1 1330 -Ol 

1  1 2300 -O  1 

1.21 000 -O 1 
1  00200-01 
1  10070-01 

1  13100-01 

0 . 004  10  -02 
I  13400-01 
1  20400  - O 1 
1  40070-01 
1  01100-01 


AL  8000 A I C  DIFFERENCE  ro*  00T  3  OOTAINOO  00 

A  OIUCCTIOM 

OBFTM  At  AS  DIFFERENCE  IN  A  Ol 


FEBRUARY  0  1001 

0  DIRECTION 

•2  DIFFERENCE  IN  0 


DEFLECT 1  OH  C  04*041 ©TO  RCSOIVCD 

1  WTO 

FROFCRRCD  0CF0RMAT10N  DIRECTIONS 

TRUE  OeriOCTION 

or  o  in  cms 


OCFTH  TRUE  DEFLECTION 

IN  MS  or  A  IN  CMS 


•SO  02 
•20  2  1 
•20.0© 

*  24  00 

-2*  30 
•IS  77 
-23  10 
•22  00 
-2  1  OS 
-21  34 

-30.73 
-20  12 
*10  0  1 
•10.00 
-10.2# 
•17  00 
•17.07 
•10  40 

•  10  00 

•10  24 
•14  03 
•14  02 
•13  *  1 
•12  OO 
-12  10 
•11  00 
-10  07 

•10  30 

•  0  70 
-0.14 
•0  03 
-7  #2 
-7  32 
•0  71 
•0  1 0 
•0  40 
•4  00 
•4  27 
•3  00 
-3  00 
•2  44 

-  1  03 

-  1  22 
-0  0  1 


004  -040 

700  *711. 

1002  -1020 

1300  -1313 

7 1 2  -007 

402  -44  1 

027  -470. 

BOO  *407 
440  -303 

320  *200 

230  -101 

203  -233 

170  -110 

240  -107 

342  -207 

411  -307 

423  -300 

407.  -440 

300  -307 

320.  -270 

343  -204 

300  -302 

410  -304 

304  -343 

1 OO  *00 

203  -141. 

207  -242 

337  -203 

420  -300 

474  -421 

002  -0O1  . 

003  *042 

400  -430 

407  -420. 

320  -202 

220  -100 
100  *00 

120  -70 

72  -14 

•43  104 

•130  107. 

•110  171. 

•00  110 

•00  100 


1024 
1477 
2  120 
200  1 
1370 
033 
1003  . 
000 
031 
070 
420 
020 
300 
430 
030 
70S 
707 
043 
070  . 
00  1 
027 
002 

704 
047 
230 
344 
030 
030 

705 

000 

1003 
1  130 
020 
0  1  0 
007 
302  . 
240 
204 
00 

•  147  . 

-310 
•200 
-10  1 

•240 


•442 

00 

104 

-SO 

-  OO  1 
lOI  1 
1  000 
1  too 

1  1  OO 
1214 
1110 
1000 

•  000 
•004 
•042 
•420 
•330 
•210 
•00 
•03 
-02 
2 
SB 
•  30 

-  200 
-30  1 
•330 
•403 
•034 
-  002 
•004 
•001 
-  004 
•730 
•070 
•014 
•044 
•400 
-307 
•203 
•230 
-313 
•300 
•420 


300 

•127 
-17  1 
10  . 

733 

030 

1033 

1  ioo 
1130 
114  1 
100  1. 
000 
02  1 
770 
472 
370  . 
270  . 
137 

3 

14  . 

4  . 
•04 

-  133 
•20 
100 
233 
207 
300 
403 
033 
002  . 
010 
720 
007 
OOO 
BOO 
400  . 
402 
347 
231 
1  00 
200 
334 
303 


-027 
103 
270 
•  1  1  0 

1034 
1040 
2122 
2200 
2320 
2300 
2100 
2040 
17  10 
1033 
10  14 
•002 
•017 
-347 
•7  1 
•  77 
•OS 
00 
100 
-  0 

-  442 
•034 

-  OOO 
•003 
•007 
1  130 
1340 
1300 
1030 
1400 
1304 
1  1  04 
1032 
-002 
-744 
-024 
•423 
•BOO 
-7  10 
-0  1  1 


•20  03 
-  20  2  1 
•20  00 
-24  00 

•24  30 
-23  77 
•23  IS 
•22  00 
•2  1  00 

-  2  1  34 

-  2©  73 

-20  12 
-10  0  1 
•10  00 
•10  20 
-17  SO 
•17  07 
•10  40 
•10  00 
•10  24 
-14  S3 
•14  02 

•13  4  1 
-12  00 
-12  10 
-11  00 
•  lO  07 
•10  30 

•0  70 
•0  14 

•0  03 
-7  02 
-7  33 
-0  7  1 

-o  io 

•  0  40 
•4  OS 

-4  27 

•3  SO 
•3  00 
-2  44 

-  1  03 

-  1  22 
-O  0  1 


2  34170-03 

3  40200-02 
2  *0000-02 
0  04730 • 03 
0  00040-02 
1  20710-01 
1 .32300  -  01 
1  0040001 

1  00140-01 

2  07700  - O 1 

2  30020-01 
2  03100-01 
2  73140-01 
2  00400-01 
2  00000 -O I 

2  71030-01 
2  00200  -O  1 
2  03200-01 
2  0 1000 -Ol 
2  03370-01 
2  04000  - O 1 
2  72040-01 

2  0 IOOO - O 1 
2  00000-01 

3  000 10-01 
2  00270-01 
2  00700-01 
2 . 00700 -O 1 

2  77101-01 

3  0 1000-01 
2  70000-01 

2  03030*01 

3  10210-01 
3  31130-01 

3  04220-01 

4  00230-01 
4  21100-01 
4  30030-01 
4  42000-01 

*  70200-01 

*  70020  Ol 

*  00330-01 
4  70200-01 
4  .  03000-01 


0  30340-03 
4  00770-03 

2  00350-02 

4  10020-02 
0  00000-02 
720170-02 
0  30200 -02 
0  00070-02 
0  00130-02 

5  12300 -02 
4  4  0  000 -02 

3  00000-02 
2  00120-02 
2 . 00400-02 

1  030  0  0  -  02 

2  07500 -03 
1.03100-02 

3  00340-02 

4  10030-02 

3  71120-02 

4  32030-02 
305040-02 
0  07230-02 
0  030 10-02 

5  02400-02 
5  07540-02 

4  00240  -  02 

5  00000-02 
0  07700-02 
7  42240-02 
0  43330-02 
0  07000-02 
7  07000-02 
0  40300-02 
O  OO320-O2 
0  74710-02 
0  44030-02 
7  03300-02 
0  41150-02 
0  14100-02 
0  00700-02 
0  70740-02 
0  14100-02 
0  23000-02 


Figure  B.38  SI7-FIELD  DATA 


. 

4 


\ 


A  0IN8CTI0N 


1M  1 


• 

•as  a 
•as  s 
•as  t 
•as  a 
•aa  7 
-aa  i 
•aa  s 
•ait 
-a  i .  a 
-a©  i 
-a©  i 
•is  i 
•ts  s 
- 1» .  a 

•  17  a 

•17  © 

-IS  s 
•is  a 
•is  a 

•  is  s 

•IS  o 

-  1  3  S 

•H  I 

-  13  1 

-it  s 

•10  s 

•  i©  a 

-S  7 
-#  1 

•s  s 

-7  S 
-7.3 
•8  7 
-8.1 

•I  S 

•s  8 

•s  a 
•a  s 
-a  © 
-a  s 

-1.8 

•  i .  a 


si  sa 

•77.  -sas 
78©  -70S 

111S  -  107 1 

13SS  -ia*7 
•ss  -ssi 
•87  -831 

sao  • S  77 

•  08  - S  8  8 

ass  -ass 
313  -ass 
aai  - iss 
aso.  -aai 

188  -117 

ass  -ios 
380  -ass 

SOS  -3S3 
•a©  -387 

•S3.  -SSS 

ass  -aos 

337  -371 

asa  -ass 
ass  -aos 
aio  -asa 

387.  -338 

ISO.  -SS 

aos  -isa 
aoo  -asa 
aas  -aai 
saa  -ass 

•  73  -«  1  8 

SSS.  -807 

sss  -sas 
sss  -sas 
•ss  -sas 

317  -37© 

aas  -is8 

IBS  -lOO 
137.  -78 

73  -IS 
•SS  108 

•138  IBS 

-118  173 

-88  130 

•108  187 


sippiaincb  in  a 


•  OINICTION 

•  a  oippsn 


10  MS 


1  MTO 

PN1PSNN10  DIP 0  AMA  T I  OH  DIAfCTIONS 

TSU8  DIPllCTlON  TAUC  OCPlBCTION 
OP  A  10  CMS  OP  •  IN  CMS 


ISOI 
1  A  S  A 
3  180 

asss 

138© 

SIS 

1007 

SSI 

•  aa 

sss 

8  IS 

sai 

asa 

838 

•  88 
783 
7  S  7 
S  3  7 
878 

•  SS 

•  a7 

•  SB 
783 

saa 

aas 

asa 

•  sa 
sao 

78  7 

•  SS 

1073 
1  133 

•  18 

•  1  1 

887 

SS  1 

asa 
a©  i 

•  7 

-  187 

-318 

•asa 

•  188 

•ass 


-4ia 
•s 
tos . 
•ss 

•  so© 

-  100  8  . 

•  1077 
•1188 
•1181. 
-  iata 

•  I  i  is 

•  1081  . 
-SSS  . 
•SAS  . 
•SS8 
•8  18 
•saa 

•  3©7 
•SS 
•S3  . 

•SS 

a . 

•  78  . 

•37 
-3S7 

-as  i  . 

-338 

•  S  8  3 
•833 
•SS  1  . 

•  S3 
•878 
-•©I 
•738 
-873 
-813 
-••  1 
•888 
-as  i 
•asa 
•aao 

•  aos 
•ass 
-•as 


ass 

-137 
•IBS  . 
•  •  . 
783 
•  8  1 
i ©as  . 
i  ios 
118  1 
i  t8a 
1088 

•  S3 

•  as 

778  . 

•  77 
S77 

as8 

188 

12 
31  . 
1  8  . 

-SS 

-128 

•23 

IS© 

aas 

377 

asa 

888 

888 

sss 

838  . 
73© 

•  78 

•  1© 

SSS 
ss  t 

SOS 

ass 

aas 

iso 

388 

328 

3S8 


•70S 

213 
378 
•  188 

-  1883 

•  1SSS 

-am 

•82AS 

•3332 

-338* 

-21SS 

-3033 

-1713 

-  1  8  2  • 
-  1©1  1 

-788 

•SIS 

-as  i 

•78 

•78 

-•• 
•  1 
aoo 

•  18 

•  8  37 
•83© 
-803 
•888 
-••  1 

•iias 

•  1382 

-  iass 

-183  1 
-1813 
-1283 
•1188 

•  1032 
•88  1 

•  787 
•828 
-sao 
•883 

•  887 

•sas 


•28  8 
*38.3 
•38  8 

-as  • 
•asa 

•  aa  7 
-aa  i 
•aa  • 

•3  18 

-ai  a 

-30  7 

-a©  i 

•  IS  .  8 

•18  8 

•18  2 
-17  8 
-  17  O 
-18.8 
•18  8 
•18  3 
-18  8 
•18  © 
-13  8 
•12  A 
•13  1 
•11  8 

•  1©  • 

•  io  a 

-•  7 
-•  1 

•8  8 

-7  S 
-7.3 
-8.7 
-8  1 

•8  8 
•S  8 

•  s  a 
•3  8 

•3  o 
-a  • 

•  1  8 

-1.2 


1  88  8 SI • ©3 

2  8B48C -02 

1  81321-02 
8  7S 181 • 03 
8 . 1*308 -02 
S  8  1 8  88 • 02 
8  7S071-02 
7  SA78C-02 
8 . 98938- 02 
1  182  18-01 
1  1 • 108  *01 
i  aasse-oi 

1  84888-01 
1  8S828-01 

1  B38S8-01 

1  S8SS8-01 

1  88808-01 
1  .  84088*0  1 
1  82SS8-01 
1  8S8S1-01 
1  8 1 388 -01 
1  83828-01 
1  80388-01 
1  .84118-01 
1  8  8  8  S  8  -O 1 

1  82338-01 

1  88878-01 

1  88878-01 
1  87438*01 
1  . 81888-01 
1  83388*01 
1 .88178-01 
1  81838-01 

1  88388 • O 1 

2  10828-01 
2  33788-01 
2  82788-01 
2  88888-01 
2  7  1  2  •  8  •  O  1 
2  SO  1 38 -O 1 
2  8B828-01 
2  78888  - O 1 
2  77708 -01 
2  37388-01 


7  84808-02 
1  20838-01 

1  .  38748  -0  1 
1  18481-01 

1  34448-01 
1  .  30748  -0  1 
1  . 3SO  88  - O 1 
1  43048-01 
1  43888-0  I 
1  42188-01 
1  34848-0 1 
1  43308-01 
1  .  48408  - O 1 
1  88S8B-01 
1  48018-01 
1  47018-01 
1  .  82828-01 
1  78848-0  1 
1  70888-01 
1  70888-01 

1  72288*01 
1  78438-01 
1  80888-01 
1  .83288-01 
1  80488-01 

1  • 7  7  3 1  -oi 

1  sasoi-oi 

a  14728-01 

2  3  1048 -O 1 
a  37388-01 

3  34428-01 

2  31878-01 
2  42118-01 
2  38388-01 
2  42208-01 
2  43478-01 
2  30788-01 
2  23848 • O 1 
2  27338-01 
2  17808-01 

2  28738-01 
2  38278-01 
2  48888-01 
2  088 18-01 


IC  01PP1N1NC1  80S  SIT 


S  0STAIM80  SO 


riSRUAlT  11  1 •• 1 


A  0IK1CT10M 


•  0IS8CTI0M 


ai  Aa-  oippininci  in  a  si 


•a  0 1 PP1AINCB  IN  • 


•as  sa 
•  28  2  1 

•as  so  i 

-24  ss  1 

•  24  38 

-  23  77 

•23  18 
-22  88 
-2  1  SB 
•21  38 

•  20  73 

-  20  12 
-IS  8  1 
-18  SO 

-i8  as 

•17  88 
•17  07 
•18  88 
•IS  88 

-18  28 
•14  83 

•14  02 
-13  4  1 
-12.80 
-12  18 
•11  88 

-  1©  87 

-  io  as 

-•  78 
-•  18 
•8  S3 

•7  S2 
•7 . 32 
-8.71 
•8.10 

•8  AS 
•4  •• 

-4  37 
•3  •• 

•a  os 

-2  48 
-  1  83 
-1.22 

-0  81 


•78  -038 

783  -70S 

132  -IOAS 

ass  - i as • 

•S3  •883 

888  -S40 

827  -87S 

803  -483 

•84  -aas 
312  -ass 
aas.  -iso 
aso  -aai. 
1  88  -118 
ass  -iso 
ass  -aei 
sos  -ass. 
•aa.  -ass 

•AS  -888 

ass  -aio 

328  -277 

34 1  '388 

380  -308 

408  -ass 

2SS  -348 
148  -SO 

203  -143 

asa  -ass 
aas  -ass 

433  -ass 
470  -418 

881  -808 
882  -848 

488  -838 

842  *830 

318  -277 

238  -  188 

iso  • i oa 

128  -81 

72  -  17 

•81  108 

12S  188 

122.  171 

•SS .  118. 

Ill  181 


ISOS 

1472 

3171 

ass7 

1841 

sas 

lOOl 

•  ss 

827  . 
87  1 

434 
83  1 
284 
438 
847 
788 
78  1 

sao 

878 

802  . 

827 

888 

78  1  . 

888 

aas 

348 

•  37 

•  30 
7S2 
888 

1087 

1137 

•  21 
•  12 
•  SB 

ass 

asa 

aos 

ss 

•  188 

•318 

•  asa 

•  187 
•372  . 


•sis  ass 

78  -131 

103  -187 

•103  sa 

•SIS  788 

1010  843 

1081  1033 

1148  1101 

iias  iias 

1212  1188 

1113  104S 

1082  S84 

-800  820 

*847  778 

•833  470 

•418  372 

-333  278 

•208  isa 

•87  -11 

-83  18 

•8  1  11 

8  -88 

71  -  128 

•88  -32 

•388  188 

•as i  aas 

-aai  274 

•488  381 

•838  888 

•803  888 

•888  883 

-••a.  818 

•808  734 

-788  872 

-878  812 

•810  884 

•B3S  488 

•881  3S  8 

-3S2  380 

•388  227 

•238  182 

•308  asa 

•asa  aao 

•818  378 


-781 

208 

270 

•  IBS 
-  1888 

-  1S83 
-3114 

-  2248 
•3318 

-  2388 
-2182 

•  2038 

•  1710 

-  1828 

•  1002 
-  7S  1  . 
-8  10 
-ass . 

-88 
-•• . 
-73 
a  i 
188 
•aa 

•480 

-830 

•SSS 

•  880 
-•SO 

•1188 

■1281 

-  12SS 

-  1838 
-1411 . 

-  1387 

•1184 

-  1028 
•848 
-742 
-8  1  3 
-4  10 
-887 
-883 
-780 


DIPllCTlON  COM4  0N1NTS  NISOIVIO 

INTO 

ONiriSRtO  01  P  OS  MAT  ION  DIMCTIONS 

TSUI  OIF  LlC  T  I  OH  TSUI  DIPllCTlON 
OP  A  IN  CMS  OP  8  IN  CMS 


4  81878-03 

2  1  1371 • 03 
1  70781-02 
1  47081-02 
8  82801-02 
7  88881 *02 
7  88721-02 

•  78781-02 

•  38121-02 
1.31181-01 
1  .38231  -0  1 
1  84281*01 
1  87841-01 
1  78391 -OI 
1  74881-01 
1  7  i  101-01 
1  71271-01 
1  88731-01 
1  87301-01 
1  89921 -OI 
1  71811-01 
1  83781-01 
1  87891-01 
1  80871-01 
1  88881-01 
1  89241-01 
1  88881 • O 1 
1  83881-01 
1  82888-01 
1  87801  - O 1 
1  80281-01 

1  78711-01 

2  08271-01 
2  14131-01 
2  4921 1*01 

2  77781-01 

2  .  • 8 2 11-01 

3  18871-01 
3  23881-01 
3  42791-01 
3  38888-01 
3  23891-01 
3  20221-01 
2  88201-01 


8  92801-02 

•  29901-02 
1  04741-01 

•  49241-02 
3  22931-02 
3  32231-02 

3  84381-02 

4  48811-02 
4  84841-02 
4  484SI-02 
4  88471-02 
8  28381-02 
8  S8831 -02 

•  79441-02 
7  07871-02 
7  97  1  81 -02 
1  04 181-01 
1  22321-01 
1  .44191-01 
1  88871-01 
1  83011-0 1 
1  87181-01 
1  88021-01 
1  88981-01 
1  3  3  S  11-01 
1  40871-01 
1  48891 -0 1 
1  80201-01 
1  78481-01 
1  88841-01 
1  84888-01 
1  82881-01 
1  81048-01 
1  88901-01 
1  87321-01 
1  88021-01 
1  82991-01 
1  78391-01 

1  90481 • O 1 

2  03731-01 
2  27831 -O 1 
2  484  11-01 
2  80321-01 
2 . • 1088-0 1 


Figure  B.39  SI7-FIELD  DATA 


t 


< 


318 


■■■■Cl  fOA  **T  •  44TAIBC0  OM 

A  ■ I  At  C  T 1  ON 

A>  D I ■■■■■■Cl  I ■  A  At 


ruauAAT  is  144  1 
■  OlAtCTION 

■  S  A  I f f ■ ACMCC  1 ■  A 


OlfllCTlON  COMf OHIHTt  BCBOLVIO 

1  AT  0 

fAlflNAlD  DirotMITlON  DIAKCTIONS 
oiath  tauc  oifuct  ion  taui  oiriicnoN 

I  ■  MS  Of  A  1  ■  CMS  Of  A  IN  CMS 


•SI  S 

-2*  2 
-SS  S 
-24  t 
•20.2 
■22  7 
•2J  I 
•22  t 
-SI  • 

-s»s 

-SO  7 

•  SO  1 

•  It  .  A 

-  It  .  t 
-1S  S 
•17  S 
•17  0 
•IS  4 
-ist 
•is  s 

•  14  s 

•14  0 
-IS  4 
•IS  A 
•IS  1 
•11  S 

-  lO  • 

•  io  s 

-  •  7 

-  •  1 

•t  s 

-7  • 
-7  S 
•t  7 
-  4  1 

-S  4 
-4  .  t 

-4  1 

•3  t 
-SO 
-S  4 
-It 
•IS 
-O  t 


•431. 

1407 

•  4  1  •  . 

37  1 

-70*. 

1472 

72 

•131 

•  1044  . 

2147 

ioo 

•  147 

•ISO* 

2  S*2 

•  1  1  1 

3* 

-•S3 

134  1  . 

•421 

7S  • 

•434 

•  24 

-  1012 

442 

•473 

lOOO 

-  104* 

1034 

-4S3 

•  S7 

•  1  144 

1044 

•342 

•  24 

•  1  14* 

1  134 

•  *•• 

S7S  . 

•  1213 

1  1  44 

-  IS* 

421  . 

•  1  12© 

1040 

•233 

42* 

-  1  OS  7 

•  47 

•  1  17 

2*4 

•444  . 

•  23 

•  IS* 

432 

-•SO 

742 

•24* 

44  3 

*•32 

47  1 

-3S7 

7S7 

-42* 

347 

74* 

•33S 

247 

•444 

•  3* 

-211. 

134 

•SOS 

*44 

•7* 

• 

-272 

•  44 

•72 

17 

•2*3 

423 

•47  . 

7 

-30  1 

4S4 

•S  . 

•SI 

-  as o 

7S3  . 

•  40 

•  1  14 

-243 

S  4  1 

•44 

•  17 

•** 

23* 

-244 

143 

•  13* 

340 

•304 

242 

-244 

S42 

-332 

270 

-2*  1 

•  2  1  . 

•4*7 

34  1 

-3*7 

744 

•S30 

444 

•420 

444 

-SB* 

44* 

-SO* 

1070 

-  *so 

40  1 

•  444  . 

1143 

•44* 

414 

•437. 

•  2* 

•404 

733 

•43  1 

•  1* 

-737 

443 

•273 

SB* 

-•73 

•  04 

-  1  St 

3*2 

-•12 

•  4  1 

-  103 

3SS 

•sat 

47* 

•S3 

313 

•447 

342 

•  14 

•  S 

-  3*3 

33S 

103 

•  14* 

•24* 

223 

IS* 

-314 

-233 

1  40 

1  70 

-244 

•30* 

344 

113 

-  1  40 

-  3S4 

310 

IS* 

•244 

•42* 

344 

*7t  t 

SOS 
St  7 

-  147  . 

-  1S77 

-  1 1 S  4 
-S1S3 
*3347 

•  ssso 

•SSSt 

-  3  170 

•  3044 
-1717. 

-  1  tS  2 

-  1003 
•7ta 

•  tea 
•sso 

•  t4 

•to 

•74  . 

S  1 

1  7t 
-37 
•4S7 

-  S  4  t 
•402 
- 1 4 1 

•  St  4 

•  1  14S 

•  13S  1 

-  ISOS  . 

-  1  S  3  7 

-  1400 

-  1242 

-  1  1S3 
-1013 

•  tst 
-7  14 

•  sot 
-4  13 
-SS7 
•ttt 
-7S0 


•St  ts 
•34  21 

•  24  40 
•34  II 
•24.34 
-S3  77 
-S3  It 
*22  St 

•si  ts 

-2  1  34 
*30  73 
-20  IS 
•It  SI 

-  it  to 

•  It  2t 
•17  tt 
•17  07 
•It  41 

•it  ts 

-  ts  24 
-14  S3 
•14  02 
•13  4  1 

•  1  2  40 
-12  It 
•11  St 

-  IO  47 
•10  34 

•t  74 
-t  14 
•t  S3 
•7  12 
•7  32 
•t  71 
-t  IO 
•S  4 1 
•ttt 
-4  27 
•3  tt 
-3  04 
•  2  44 
•I  II 
-  1  22 
•O  t  1 


S  S177C-03 
2  tttOK -03 
1  03t tt *  02 
1  4 • t  3 1 *02 
S  2442K-02 
7  3t  ttt • 02 
7  1111(02 
t  43111-02 
t  4272102 
1  .  2  t  Ot  t -O 1 
1  432tt-Ot 
1  1 1 1  2C -01 

1  .  434  11  -0  1 
1  41311-01 
1  40*71  - O I 
1  tOIK-OI 
1  7*071-01 
1  *4*01*01 
1  7*071-01 
1  *7211-01 
1  *3*41  - O  1 
1  4114101 
1  40241-01 
1  4*701-01 
1  *4121-01 
1  31711-01 
1  3 1 S  31  •  O  1 
1  34*01-01 
1  371*1-01 
1  430*1-01 
1  4*471-01 

1  7*031-01 

2  11411-01 
2  24431-01 
2  *07 11-01 

2  *37*1-01 

3  04241-0 1 
3  33*21-01 
3  4404C-01 
3  t  2  0  2  1  -  0  1 
3  42*41-01 
3  7*4*1-01 
3  .  *24*1  - O 1 
3  104*1-01 


S  1**71-02 
t  07321-02 
t  747*1-02 
t  034*1-02 
1  S  1321 -02 
1  47*41-02 

4  74471-03 
1  24271-02 

1  * • 7  *  t  -02 

1.174 11-02 

3  3*1*1-03 

4  4  7  » • I  -03 
t  114*1-03 

•  213*1-03 
t  2*401-03 
t  7*7*1-04 

3  4*7*1-02 

4  30041-02 

3  4*741-02 

1  23431-02 

t  002*1-03 

4  47*01-03 
3  42421-02 

3  *0*41-02 
7  227*1-02 

•  034*1-02 

•  41*01  -  02 
7  7*421-02 

•  4*001-02 
7  24471-02 

•  *3*41-02 
1  00011-01 

•  *14*1-03 

•  42121-02 
7  70*41-02 

4  2*1*1-02 

3  •* 1*1  -  02 

•  34121-03 

4  44421-02 
7  4*471-02 

•  4*131-02 

1  12421-01 

1  .**331-01 
1  7*0*1-01 


17 


14*1 


A  DIA1CT10N 


A  DIKCC710M 


A 1  AS  OlffCAlMCl  IM  A  A  1 


A2  OlFFCaiaCl  IM  4 


D1FLCCTT0M  COMNONCMTS  ■CSOlVfO 

I  NTO 

MIFIM10  Ol'OAMATlON  DIACCTIONS 

T ■ U!  OlfLlCTION  TAUI  OlfllCTlON 
Of  A  IN  CMS  Of  4  IN  CM4 


-24*2 
•3*  21 
-2*  *0  1 

•34  tt  1 

•  at  a* 

-S3  77 

-  23  1* 
-22.44 
•21 .44 

•  2  1  34 
•20  73 
•2©  12 

•  1*  S  1 
•14*0 
•1*  24 

-  17  t* 

•17  07 

•  1  •  4* 

•It  tt 
-IB  24 
•14  *3 
•14  02 
-13  4  1 

•  1  2  *0 

•12  14 

•11  S* 

-10  47 
•10  3* 

•4  7  B 
•4  1 4 

-  •  S3 
•7  42 
•7  32 

•  4  71 

•  •  10 
•t  44 
•4  *• 
-4.27 
•3  •• 

•3  OS 
•2  44 

-  1  43 
•1.22 
•0*1 


•7.  • ■ 37 

7*  .  -711 

•4  -1034 

•4  -1312 

04  -**3 

4*  -43* 

24.  -474 

07  >44* 

44.  -3*4 

22  - 2S  7 
3*  -141 

43  -23S 

*7  -II* 

4  S  .  -1*7 

44  -StS 

is  -as* 

20  -3*7 

44  -444 

•*  -303 

34  -271 

at  -s*3 

S*  -302 

04  -34* 

OO  -243 

4*  -40 

OO  -137 

44  >242 

3*  -27* 

24  -SB* 

•4  -41* 

S*  -402 

42  -S40 

•I  -433 

••  -42* 

21  -27* 

as  -i*7 

S3  • 1 O 1 

133  • • 2 

77  -  2© 

•42  102 

124  1** 

II*  170 

- S7 .  IO* 

lOS  1*2 


IBS 
14* 
3  12 
2*7 
13* 
43 
too 
4* 

•  3 
B  7 
42 

42 
2* 
*3 
S3 
77 
7* 

43 
SB 
SB 

•  2 

•  S 
7  S 

44 
23 
33 

53 
B  1 
7* 

•  • 
IO* 
1  13 

*  1 
4  l 

54 
3* 
2* 
2  1 

• 

-  1  4 
•SI 
•  2* 
•  1  • 

-2* 


•422 
•  S 
104 

-  lOI 

•  •  1  I 
10  14 
1  040 
11*7 
11*4 
121* 
111*. 
10*7 

•  •  •  4 

-  *S2 
•443 
•42*  . 

-  342  . 
-213 

•7*  . 
-  74  . 
-72 
•  10 
S  1 
•S3 

-ass 

•  300 
-33S 
•4*3 

•  1 4  • 

-  SO* 
-«*2 
-•40 
•*  1  3 
-733 

•  *74 
-•  IO 

•  S  3  3 
-43* 
•3** 
-24* 
-23* 
•330 
•3** 
•401 


373 
-120 
-172 
23 
73* 
*42 
103  1 
104* 
1124 
1144 
104* 
4*4 

•  3  1 
7*1 
47*  . 
3*4 
2*4 
147 

30 

2t 

12 

-47 

-117 

•  1  *  . 
14* 
24  1 
274 
3*7 
470 
BS4 
SOI 
*34 
73* 

•  •O 

•  O  1 
*42 
4** 
37* 
33* 
224 
1*2 
SS*  . 
314 
342 


-74* 

its 

27* 

-  124 

-  1  S  4  * 

-  IBS* 

-  2  1  2  l 
-22*4 
•23  1* 
•334* 
•  2  1  •• 

-  2044 
-1714 
-1*33 
-101* 

•743 
-•2* 
•3*0 
•4* 
-4* 
•  *4 
37 
1  •• 
-37 
•4*1 

-  S  4  1 

-  BO* 
-4*0 

-10  1* 
-11*2 

-  12*3 
-13  1* 

-  1  SS  1 

-  1343 

-  127* 
•  1  1S2 

-••• 
-•14 
-724 
•427 
•420 
•St* 
-70  1 
•  7S  3 


•3*  *2 

-3*  31 

-  24  *0 

-  34  44 

•24  3* 
-23  77 
•23  1  • 
•22  44 
-21  *S 
-2  1  34 

-  20  73 
•  20  12 

-  1*  Si 

-  1  •  BO 

•  1*  24 
-17  •• 

-  17  07 

•  1  •  4* 

•14  •* 
-1*  24 
•14  43 
•14  02 

-13  4  1 

•  1  2  *0 
•12  1* 
-11  4* 

-  10  *7 

-  IO  3* 

-  •  7  4 

-  •  14 

-  *  S3 
•7  42 
-7  32 
-•  71 
•  •  IO 
•S  4* 
•4  •• 
•4  27 
•3  I* 
•I  01 

-  2  44 

-  1  *3 

-  1  22 
-O  •  1 


2  07111-03 
t  .  2  t • 11-03 
1 . 77441-03 
2 . 214*1 -02 
1  OOO 11-01 
1  .  304*1  -O 1 
1  44*11-01 
1  **041-01 

1  *44*1-01 

2  24441-01 
2  47411-01 
2  74141-01 
2  *4441-01 
2  *7231-01 
2  •  17*1-0  1 
2  *7411-01 
2*2*41-01 

2  *3411-01 

3  *4*71 -Ol 
2  7*4*1-01 
2  74471-01 
2  **0*1-01 
2  40*01  -  0  ! 
2  *3241-01 
2  74*71-01 
2  4*171-01 
242441-01 
2  311*1-01 
2  30021-01 
231 - O 1 
2  1*471-01 
2  27*31  - O 1 
2  *33*1-01 

2  4*7*1-01 

3  014*1 -01 
3 . 34441 • O 1 
3  42201-01 
3  73*41-01 

3  • I  401 -O 1 

4  .  2*441  - O  1 
4  340 11-01 
4  340*1-01 
4  *4101-01 
4  2*7*1-01 


3  *30*1-02 

4  2*041-02 
4  *42*1-02 

•  *3*01-02 

•  *1371-02 

•  .  43*3(  03 
4  *4141-02 
4  20741-02 

4  *0*11-02 

5  34* 1 1  -  02 
4  .  **431 -02 
3  *1271-02 
3  74401-02 

3  4*301-02 

1  107*1 -02 

1  74001-02 
1  724*1-02 
1  *3*01 -02 

1  *2731-02 

4  77371-02 

7  *37*1-02 
1  1  2341  -O 1 

1  47*41-01 

1  774*1 -Ol 

2  1*741-01 
2  274*1-01 
2  42*41-01 
2  44071-01 

2  **441-01 

3  00021-01 

3  34031-01 
3  44341-01 
3  *4301 -Ol 
3  40721-01 
3  43471-01 
3  17771-01 

2*0141-01 
2  14  301  - O 1 

1  7*4*1-01 

1  *3701  - O 1 

1  74311-01 

2  033 11-01 

1  *4011-01 
1  24701 • O 1 


Figure  B.40  SI7-FIELD  DATA 


. 


V 


319 


•  ASIC  DATA  '•■  COMA UT  AT  IBM 


TNI  NOLI  NAS  III!  BIAO  ON 
C At  1  BOAT  I  ON  NIAOINCS  WCKK  T  A  K ( N  ON 
TNI  OCIOCST  NIADINC  IS 
TNI  SNAIL  OWC  S  T  NK AO  INC  IS 
TNI  CLAMA  NIBIS 


•  OCCASIONS 
BICIMBBO  22  10BO 
••  OO  FIIT 
2  to  ritT 

2  OO  mi  ASOVI  8BBUNB 


TNI  ANCLI  BITWtlN  TNI  “ A ■  All* 
AND  TNI  Alls  or  rSINCirAL 
OirOAMATIBN  IS  2.22  BI6NIBS 


ALCIBAAIC  OirriAINCI  IN  CAilBNATlBN  NIAOINCS 


A  OIABCTIBN 


•  OIAICTION 


A  1 


A2  OirriAINCI  IN  A  •  1 


•2  OirriAINCI  IN  • 


•It  0  2  B2S  *4*8 

-2821  220  *170 
-28  8©  282  -208 
•24  08  388  -22* 
•24  28  082  -020 
•22  77  088  *022 
•22  18  072  *020 
-22  88  078  -020 
•21.08  000  - OO 1 
-21.24  t  ;S4  -  1077 

•  20  73  1278  123  1 
•20  12  1073  *1021 
•10.81  1012  *080 
•18  00  888  -822 
-18.20  OOO  *842 
-17  88  1370  *1320 

•  17  07  1  880  *  1  82  1 
-18  48  1320  -1208 
•18.88  1201  *1 237 
-18  24  1084  -1024 
•14  83  880  -823 
•14  02  827  -788 

•  13  4  1  807  -  747 
•12  80  803  -747 
•12  10  884  -080 
•1188  888  • 802 
•10  07  840  -480 
•10.38  827  -888 

•0  78  838  -873 
•0  14  840  -474 
•8.83  804  -837 
-7  02  822  -874 
•7  32  880  -823 
-8  71  828  -888 
•8  10  882  -402 
•8  40  833  -478 
•«  88  448  -380 
-4.27  338  -270 
•3  88  287  -238 
•3  08  300  -230 
•2  44  273  -218 
•  1  S3  230  -  17  1 
•1  22  202  -144 
•O  81  84  -34 


073 

380 

882 

700 
10  12 
10  10 

1803 

1808 

1880 

224  1 
2808 
2004 
1082 
1707 
1742 
2708 
330  1 
28  14 
2828 
2088 
1703 
1808 
1884 
1880 
1  243 
1087 
1020 
1  102 
1208 
10  14 
1131 
1108 
1  103 
110  1 
1044 
10  11 
828 
808 
823 
838 
488 
40  1 
348 
1  18 


•127  S3  *180 

*88  1  488  -  10 1 8 

•ISO  888  -1228 

•470.  413  -802 

•148  88  -203 

•218  138  -384 

•100  120  -310 

-181  81  -242 

•234  180  -304 

•340  280  -018 

-207  227  -824 

•313  240  -882 

-272  108  -470 

-174  02  -288 

322  -404  728. 

082  *780  1432 

324  -410  734 

*  13  -72  88 

24  -BO  114 

-  1  17  30  -  182 

•288  187  -442 

•208  230  -828 

•388  200  -848 

•478  400  -881 

•800  481  -080 

•340  200  -018 

-233  180  -303 

-308  318  -718 

•483  300  -043 

•414  332  -748 

*407  334  -741 

•474.  304  -888 

-431  387  -708 

-318  248  -884 

*127  83  -180 

•33  -43  10 

18  -87  108 

88  -138  200 

103  -187  270 

114  -ISO  304 

03  -188  281 

148  -218  383 

188  -2*4  413 

208  *280  488 


Figure  B.41  SI12-FIELD  DATA 


320 


61 


1 A  A  1 


A  OlfttCTION 


•  BISECTION 


A  1  A2 


DirriSBNCI  I n  A  61 


•  2  oirruiMCK  IN  A 


•Jl  12  lit  -Act 

• I*  21  220  -177 

-21  AO  U|  •  901 

-2A  ||  J71  - J2A 

•2«  3  A  AAA  • A  4  7 

-23  77  AA7  -ASO 

-23  1  A  A73  • A  2  2 

•22  AA  A  7 A  -A2A 

*  2  1  AA  AAA  • A O 1  . 

-  2  1  34  1  1  A  1  -  1  lOO 

*  20  73  1277  -  1230 

-  20  12  1073 .  •  1 02  A 

-  1 •  II  1012  • A  AO 

•1A  AO  AAA  -ASA 

*  1 •  2 A  A  AO  • A  4  A 

-17  AA  1374  -132A 

■17  07  1  A  A7  •  1  A 30 

*  1  A  4  A  1324  •  1 2  7  A 

-1A  AA  1 2A0  • 1 24  A 

-18  24  1 0  A  7  *10  1$ 
•14  A3  AA4  *  A  3  4 

■14  02  A3  1  -777 

•13  41  A04  -7AA 

-12. AO  AO  1  • 7 A  A 

-  12  1  A  A47  ■ A  A  2 

'11  AA  AAA  • AO A 

-  1  O  A 7  ASA  -  4 A 7 . 

-lO  3 A  A2A  -A73 

-A  7A  ASA.  -  A  A  3 

•A  14  S41  • 4 AO . 

•ASS  AAA  -A4 1 

•M2  A2A  -AA2 

•7  32  A  7 A  -A2A 

-A  71  A2A  • A  7 1 

•A  10  AS2  *40$ 

•A  44  A3  1  • 4  A  A 

-4  AA  441  • 3A7 

-4  27  J22  -274 

-3  AA  2A4  • 2 3 A 

•3  OA  2A A  -243 

-2  44  272  -222 

•  1  43  233  •  1 7  A 

*  1  22  200  •  1 4  A 

-  ©  A  1  AA  -  2  A 


A  AO 
407 
A  A4 
AAA  . 
144  1 
It  17 
1  AAA 
1  AOO 

1  A  AO 
22  A  1 

2  407 
2  10  1. 
1A72 
1720 

1  73  A 
2702 
32  A  7  . 

2  $07 
2A3A 
20A3 
17  1  A 
1  AOA 
1SA4 
1  AS7 
1234 
1  ©72 
1023 
1144 
1214 
102  1 
1  140 
12  10 
1  107 
1  1  AA 
1044 
10  17 

A2A 
ASA 
A  2  3 
A4  1 
4  A  4 
•  O  A 
34  A 
A  1 


-134  S3 

•  A  A  2  4A7  . 

-  A A  1  A AO 

•47A  414 

-13  1.  A 1 

•210  13S 

-  1  AO  117 

•  1  A3 .  -7A 

•221  1 S3 

•334  3 A A 

•  2 AA  211 

-304  242 

-2A7  1  • 7 

•ISA  AA 

320  -407 

AAA  -7A  1 
3  1  A .  -421 

-A  -72 

30  -AA 

-  1  1  A  34 

•244  170 

•2AO  234 

• -  34  A  24  1 

•444  404 

•  A  07  402 

-  32  1  2 AA  . 

- 22 A  1  A  2 

•  3  A  3  3  1  A 

* • A  1  34  t 

-404  331 

-403  33  A 

•  4 AA  3B  4 

•42A  3  A  A 

*314  247 

•12A  44 

-24  -44 

20  -47 

72  - 13S 

104  *170 

114  -  143 

AS  *  1  A A 
144  -223 

174  -244 

210  -240 


-  147 

1004 
123  1 
•440 

-  142 

•  34  A 
-307 

•  23  1 
•374 
-407 

•  AOO 

•  A  AO 

•  4  A  4 

•  2  A  A 
727 

1  44  • 
737 
A7 

1  2  A 

•  ISO 
•4  14 
•A  1  A 
-A2A 

•  A74 
•AAA 
-AAA 

•  347 
•701 
•442 
•740 
-734 
•ASA 
-743 

•  A  A  2 
-173 

1  A 
107 
204 
274 

3  1  2 

2  AA 
372 

4  1  4 
440 


01  AT  N 
I  N  MS  . 

•24.42 
•24  2  1 

-  2 S  AO 
•24  AS 

•  24  34 
•23.77 
•23  IS 
-22  AA 
-21  AS 

-  2  1  34 

•20  73 

-  20  12 
*14.41 

•  14  40 

•  14  24 

-  17  44 
•17  07 

•  1  A  4  4 

•  IS  AA 
-14.24 
-14  43 
•14  02 
-13  4  1 
•12  40 
-12  14 
•11  AA 
-10  47 

-  ie  34 

•4  74 
•4  14 

•4  A3 
•7.42 
•7  32 
•A  71 
-A  lO 
-4  44 
-  4  44 

•4  27 
•3  AS 
-3  OA 
-2  44 
*1.43 
•1.22 
•©  SI 


INTO 

"ID  0Cf0"M4TI0M 
TSOI  Dll l 1C  T I  OH 
04  4  IN  CMS 

2  ■  3  1  4  I  -  O  2 

3  SOS 41 • 02 

4  1 444K -  02 

2  41341-02 
A  84  IAS -02 
7  47141-02 
A  2024K -02 
4  74381-02 
A  42021-02 
1  1  ABAC -O 1 

1  1 4021 - O I 

1  24441-01 

1  40401-01 
1  40444-01 

1  41344-01 

1  41214-01 
1  344  34  - O 1 
1  23741-01 
1  33704-01 
1  24444-01 

1  47041-01 
1  44444-01 

1  403 1 C -O 1 

1  AOA  4  4 -Ol 
1  44344-01 

1  402  1  C -O 1 

1  44411-01 

2  03111-01 

2  14241-01 

2  2  4  A  7  K -Ol 

2  42014-01 
2  A24AK-01 
2  44434-01 

2  74124-01 
2  43311-01 
2  42074-01 

2  4  4444  - O 1 
2  40404-01 
2  40444-01 

2  43104-01 

2  A  1  A 44  - O 1 

3  02044-01 
3  04434-01 
2  A  3  A  A  4  -  O  1 


I "CCT 1 ONS 
T"U4  DIALCCT ! ON 
or  •  IN  CMS 

•A  .  A  1 OSI -03 
1  44234-03 
-7  47084-03 
-  4  04224  -03 

1  34474-02 

2  74344-02 

•  40304-02 
A  30274  -  02 
A . 3*424 -02 
1  1  1474  -Ol 

1  44074-01 

1 . AA7SI - O 1 
1  74834-01 

I  77334-01 

1  74*44-01 

2  04004 • O 1 
2  04324-01 
2  20044-01 
2  34744-01 
2  4ISI4-OI 
2  44044-01 

2  44444-01 
3 . 30484  - O 1 

3  4 1 7A4 - O  1 
3  43034-01 

3  47444-01 
344414-01 

4  07444-01 

4  04444-01 

4  1  A  A  A  4 -01 

4  24444-01 

4  34244-01 
4  47104-01 
4  A  04 44  -01 
4  41434-01 
4  70434-01 
4  74104-01 
4  44734 • O 1 
441424-01 
A  04134-01 
A  10444-01 
A  .  24724-0  1 
A  32484-01 
A  33444-01 


At  64 ASA  I C  OirriSBNCB  SOS  SIT  3  OATAIN40  ON 
A  0  I  SI CT 1  ON 

N  A 1  A2  DirriSINCI  IN  A  B1 


riBSUAST  OA  1  A  A  1 
A  0  I  SB 6 T | ON 

•2  OirriSINCE  IN  A 


DirilCTION  COM"  ONI  NTS  SIIOHIO 

INTO 

rsirissio  oirosMATiON  oisections 

DEATH 
IS  MS 


TSUE  DIALECT  ION  TSUI  OEALfCTlON 

or  a  in  cms  or  s  in  cms 


24  A3  A  I  A  -440 

24  21  232  -177 

2  A  AO  383  -304 

24  AA  3  8  A  -330 

24  34  AAA  -432 

23  77  A AO  - A  3  1 

23  18  874  -422 

22  A  A  477  -A2A 

2  1  AS  A  AO  • 403 
2  1  34  1  1 AA  -110  1 

20  73  1 244  -1231 

2012  1 074  -1034 

14  41  1014  • A  A  1 

14  10  AAA  -434 

1  A  2A  443  *44  1 

17  AA  1377  -  1332 

17  07  1  AA4  -  1  A2A 

1444  1343  -1241 

15  AS  1240  -1244 

18  24  I O A  A  -1028 

14  43  A  A  7  -441 

14  02  432  -740 

13  41  AOA  -7S7 

I  2  AO  404  *78  4 

12  14  44  A  -AAA 

I I  AA  AAA  • A07 

10  47  834  -447 

10  3  A  427  • A7A 

•A  74  834  -ASS 

•A  14  A  4  4  *442 

-  A  S3  A A  2  -44  1 

-742  431  -AAA 

-  7  32  AA 1  • 8  30 

•AH  A2A  *471. 

-  A  1©  A  A  3  .  *444 

-A  44  A3  1  -447. 

•4  AA  444  *344 

-427  32S  • 274 

•3  AS  283  • 23S 

•3  OS  300  -244 

•2  44  2  A  A  -214 

-1  43  232  -174 

•1.22  1  AA  •  144  . 

♦041  71  -21. 


A7A 

404 

AA7 

AAA 

182  1 
142  1 

1  AAA 

1  AOA  . 

1  A  A3 
2247 
24  IS 

2  104 
1  A  7  A 

1723 
1734 
2703 
33  13 
2824 
2S3S 
21  IS 

1724 
18  12 
IASS 
1  A  A  O 
1  244 
1072 
102  1 
1202 
1  223 
102  4 
1133 
1217 
1111 
1148 
lOS  1 
10  14 

A2A 
AAA 
A  14 
844 
48  4 
4  lO 
34  4  . 
42 


-  13  1  A  1 

•834  472 

-447  AA3 

-  4  40  4  14 

-  1 27  AS 

•204  130 

•IAS  114 

-  144  74 

-230  1  A  7 

•337  2AA 

-241  221 

-30E  234 

-240  1  A A  . 

-141  43 

327  -344 

AAA  *  7 A  A  . 

342  -413 

1  -73 

38  • 1 OO 

•104  30 

•244  174 

•244  227 

-340  2  A A 

•484  404 

•404  447. 

-330  242 

•224  1  S3 

-  34 A  320 

•444  340 

•404  333 

•403  333 

•444  382 

-427  347 

•303  240 

•104  44 

•24  -40 

20  -41 

72  -  1  40 

1 O A  -173 

120  -142 

44  -  1 70 

144  -224 

172  -244 

304  -274 


-  142 
1004 
1230 

•404 

*142 

-334 

-  302 
-224 

-  347 

•  402 
-A  1  2 
•443 
•484 

•  244 
7  14 

1444 
7  A  A 
74 
134 
-134 
•41| 
•A  I  A 

-  434 
•471 
•48  1 
•842 

•  344 
-704 
•434 
-734 
-734 
•448 
-744 
-443 

-  182 

1  A 
1  1  1 
2  12 
274 
312 
2  44 
374 
4  1  8 
444 


-28  42 
-24  21 

-  24  AO 

•  24  44 

•  24  34 

-23  77 
-23  14 
-22  AA 
•21  44 
-21  34 

-2©  73 
-20  12 
-14  4  1 
•14.40 
•14  24 
-17  44 
-17  07 
•14  4  4 
•14  AS 
-14  24 
•14  43 

-14  02 

•  1  3  4  1 

•  1  2  40 
-12  14 
•1144 

-  10  47 
•10  34 

-4  74 
•4  14 

-4  A3 

-  7  42 
-7  32 
-A  71 

•  A  IO 
•A  44 
•4  44 
•4  27 
•3.44 
•3  OA 

•  2  44 

-  1  43 

•  1  22 
•0  4  1 


4  A  A  1  A  E  -  O  3 
1  44284-02 

1  .  21204-02 

3  AAA  44  -  03 

4  1 3  A  A  4  -03 

2  44434-02 

2  41724-02 
4  04244-02 
4  48444-02 
A  43424-02 
4  13044-02 

4  44074-02 
1  .  17484  -0  1 
1  41044-01 

1  2  4  A  A  C  -01 

1  2  4  7  A  A  *  O  1 
1  .  4  4734  -  0 1 
1  8  1034  -Ol 

1  74444-01 

2  14444-01 
2  A  1444  -0  1 
2  7  A  A  8  4  Ol 

2  43044-01 

3  07  444  - O 1 

3  04274-01 
3  18244-01 

3  14404-01 

3  31244-01 
3  42344-01 

3  70144-01 

3  72444-01 

4  04124-01 

4  1 S0A4 - O 1 

4  22374-01 
4  3 1 304 • O 1 

4  4  1844-0  1 
4  4  A  7  4  4  -  O  1 

4  34414-01 
4  27414-01 
4  37474-01 
4  37444-01 
4  40444-01 
4  40244 • O 1 
4  10744-01 


2  84044-03 
4  43444-03 

2  0  1  434 -03 

1  84344-02 

3  70144-04 

3  18044-02 

4  78744-02 

A  40144-02 
4  44424-02 
1  20214-01 

1  34044-01 

1  44714-01 

1  . 4774  4  - O 1 

2  07044-01 

1  44404-01 

2  23374-01 
2  44044-01 

2  74444-01 

3  12144-01 
3  41214-01 
3  7430E-01 

3  4  40  4  E  -O  1 

4  04444-01 

4  24  2  44  - O 1 
4  22424-01 

4  42724 • O  1 
4  70404-01 
4  4  1  474-0  1 
4  4  4  A  3  E  -  O  1 

A  01444-01 
4  0424E -O 1 
A  24444-01 
4  34444-01 
4  47734-01 
A  10404-01 
4  20344-01 
A  24444-01 
A  47444-01 
8  44441-01 
A  72044-01 
4  42744-01 

7  03041-01 

7  07444-01 
7  03014-01 


Figure  B.42  SI  12-FIELD  DATA 


* 


V. 

\ 

' 

V 

A  4I4CCTI0M 

• 

01MCTI01 

D1FTH 

DartlCTlOH  COMTONCVTS 

INTO 

Taut  DULICTION 

44801440 

TtUI  OiritCTlON 

DfOTM 

At 

A2 

•  i mames  in  a 

•  1 

■  2 

Dirriamci  14  • 

in  MS 

ar  a  ia  cms 

or  a 

I*  CMS 

-24  42 

•  23 

•474 

•  44  . 

•  134  . 

•  1 

•  148 

-24  42 

3  43774*02 

-  4 

07144-03 

-24  21 

232 

-  174 

404 

•444 

470 

•  1014 

-24  2  1 

8  22471-03 

•  1 

004*8 -02 

•24  40 

344 

•304 

444 

•444  . 

444 

-  1222 

•24  SO 

4  74144-02 

•4 

70131-03 

-34  44 

372 

•324 

700 

•44  1 

4  1  7 

•404 

3  47844-02 

-3 

04211-02 

•34  34 

474 

•424 

1407 

•  142 

43 

•204 

•24  34 

3  73041 -02 

-  3 

347*1 -02 

-23  77 

440 

•427 

14  17 

•311 

133 

•344 

-23.77 

2  73441-02 

•  1 

43141- 02 

-  33  14 

473 

•414 

144  1 

•  144 

1  1  4 

•303 

-  23  14 

3  33144-02 

4 

42441-03 

•  22  84 

474 

•424 

1404 

•  143 

77 

•230 

•22  84 

4  47471 -02 

2 

*4421 -02 

-2  1  44 

44  1 

•  40  1 

1442 

•  237 

144 

••34  1 

•  2  1  44 

4  74141-02 

2 

434*1-02 

•  2  1  34 

t  144 

-  1040 

2234 

•343 

244 

•407 

•21  34 

4  34434-02 

« 

401 18-02 

-20  73 

1  244 

•  1230 

24  14 

•  240 

2  1  4 

•404 

-20  73 

4  1  1744  -02 

7 

11141-02 

-  20  12 

1077 

•  1030 

2  107 

-  304 

244 

•442 

•  03444-02 

4 

71*48-02 

•  14  4  1 

1017  . 

-44  1 

1474 

-  242 

143 

•  44a . 

-  1 4  8  1 

1  03408-01 

1 

10471-01 

•  1  4  10 

440 

•434 

1724 

-  143 

44 

•247 

1  24'31-Ot 

1 

24731-01 

-  14  24 

440 

•  437 

1727 

3  10 

-344 

•  44 

•  1 4  s  a 

1  04241-01 

7 

40731 -02 

•  17  44 

1344 

-  1  304 

2444 

44  1 

-744 

1444 

•  17  as 

2  74441-02 

1 

07441-01 

-  1  7  07 

1  444 

-  1424 

3311. 

344 

•4  14 

741 

•  17  07 

4  12214-02 

1 

*4421 -O 1 

•  1  4  44 

1344 

-  1277 

2424 

1  . 

•44 

70 

*  is  4 a 

4  44144-02 

1 

471 11-01 

•  1  4  48 

1247 

•  1243 

2430 

30 

•44 

128 

•  is  as 

4  11214-02 

1 

444 11-01 

-  14  24 

1044 

-  1033 

2  1  27 

-  1  ©O 

32 

•  132 

-  14  24 

1  14274-01 

2 

14371 -O 1 

•  14  S3 

44  1 

•434 

1724 

-344 

174 

•422 

•  14  S3 

1  47438-01 

2 

40*31-01 

•  1  4  03 

434 

-777  . 

14  12 

-  243 

230 

•423 

•  14  02 

1  43341-01 

2 

44421  -  0 1 

-  13  4  1 

404 

-744 

1444 

•  -343 

242 

•434 

-  13  4  1 

1  4742101 

2 

74431-01 

•  1  3  40 

403 

-743 

ISIS 

-444 

404 

•472 

•  12  40 

2  04*08-01 

2 

44018 -O 1 

-  1  2  14 

443 

•403 

1244 

-404 

444 

•4S4 

-  12  14 

2.41134-01 

2 

440*1 -01 

-11.44 

•  47 

•404 

1072 

-334 

272 

•  aii. 

-11.44 

2  44308-01 

3 

0401 1-01 

-  1  0  47 

434 

-444 

10  14 

-232 

144 

•344 

-10.47 

2  *4141-01 

3 

0*341  -  0 1 

•  10  34 

424 

-47  1 

1144 

-344 

320 

•714 

-  IO  38 

2  41711*01 

3 

OOOOl -Ol 

•4  74 

434 

•440 

12  14 

-44  1 

342 

•443 

•S  71 

2  44*21-01 

3 

00441 • O 1 

•4  14 

444 

-44  1 

1027 

-407 

334 

•74  1 

-a  is 

2  4*4 11-01 

3 

04471  - O 1 

•4  S3 

•  43 

-434 

1  132 

•403 

334 

*734 

•4  43 

2  442*1 -01 

3 

1 3401 • O 1 

-7  42 

•  34 

•444 

1320 

-447 

34  1 

•  444 

•7.42 

3  22171-01 

3 

30301  -  0 1 

-7  32 

SSO 

-434 

1  1  04 

-  430 

347 

*  747 

-7.32 

3  24721-01 

3 

321*8-01 

•  4  7  1 

424 

•444 

1  147 

-313 

242 

•484 

•  4  71 

3  34421-01 

3 

30441 -O 1 

•4  10 

•  44 

•447 

1044 

-  121 

44 

-  1  •• 

•4.10 

3  4*441-01 

3 

*4*  11-0  1 

•4  44 

434 

•444 

102  1 

•  30 

•  47 

17 

•4  44 

3  44741-01 

a 

44448 -Ol 

•4  44 

444 

•340 

434 

14 

•42 

111 

•4  44 

3  47441-01 

a 

44841  - O 1 
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3 
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4  17 

102 

-  174 
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•3  44 

3  77741-01 

3 

44441 -01 

•3  04 

304 

•  241 

444 

1  14 

•  142 

310 

•3.04 

3  42414 -Ol 

a 

•  2  44 

272 

•2  14 

440 

44 

-  1  70 

244 

-2.44 

3  44*14-01 

* 

0*441-01 

•  1  43 

232 

-  174 

407 

140 

•  224 

374 

-  1  S3 

«  03421-01 

a 

•  1  22 

303 

-  144 

34  1 

1  73 

-  242 

4  IB 

-  1  22 

4  1  1  1  1 1  •  O  1 

« 

*0.41 

74 

-24 

107 

204 

-274 

444 

-0  a  1 

3 . 4**41-01 

« 

27408  - O 1 

alsisbaic  oimaBoci  roa  set  •  4Btaibb.d  oa 
a  DiaccTtoa 

th  ti  as  DiMiaiaci  ia  a  ai 


FiaauAaT  oa  ioai 
a  aiaicTioa 

as  oirrtamci  ia  a 


oarLCCTioa  comoonknts  bbsoivid 

into 

ratnaaeo  oiroaMATioa  oiaccrioas 

Dl  F  T  M 

I  a  MS 


raus  oiFLtCTioa  Taut  oiFiccTioa 
or  a  ia  cms  or  a  ia  Cms 


•la.u  III  *442 

•aa.lf  221  -lit 

*  2S . SO  SOS  -200 

•21  aa  374  -220 

- 24  is  im  -mi. 

•22  77  aaa  -aio 

•22  ia  a 7 •  -in. 

•22  ss  aaa  tit 

•2i  as  ass  >aai 

•21.24  iiss  -  teas 

-  20  73  I2i 1  -  1220 

•20  12  1 0S  2  •  102 1  . 

- 1 a  si  iois  -ass . 

•  i a  ao  aaa  *S2S. 

•is  aa  aaa  *424. 

-  17  . as  134  1  •  1 304 

•17  07  1444  *1422 

•IS  44  1244  - 127S 

-IS  44  1243  *1224 

•IS  24  1044  -1022 

•14  43  487  -432 

•14.02  441  •770. 

-13.41  413  -744 

•12  40  404  *744 

-12.14  441  -saa 

•11  II  S  7  4  -SOO 

•10.47  834  -474 

•10.34  427  -440. 

-a  78  440  -473 

•4  14  SSO  >474 

•443  447.  -430 

•7.42  440  -474. 

-7  32  843  -421. 

•4  71  433  -444 

•aio  444  -483 

•  4  4  S  440  -440 

•4.44  443  '343 

-4.27  334  -272 

-aaa  2ao  -22a 

•3  04  307  -241 

•  2  44  274  -110 

•1.43  234  • 1 44 

•  1.22  204  -  144 

•0.41  41  *27 


447 
404  . 
444 
444 
1414 
14  13 

1442 
1402 

iasa 

2242 

2411. 

2  103 

1472 

1714 

1721 

2444 

3311 

2423 

2824 

2  104 

1730 

14  11 

144  1 

1443 
1244 
1074 
1014  . 
1147. 

1213 
1024  . 
1  127 

1214 
1104. 
1144 
1087 
1020 

434 

407  . 
4  14 
444 
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408  . 
342 
104 


•131-  44 

•434  444 

•444  444 

•441  424 

•130  71 

•204  134 

•144  121 

•144  41 

-213  171 

•340  244 

-244.  224 

-302  243 

•247  144 

•144  103 
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•2  *44 
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•341  247 
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123  *144 
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-  144 
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•343 
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-224 
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•24  44 

•  24  34 
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•IS  44 

-  IS  24 

-  14  43 

-  14  02 
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•  1  1  44 

•  10  47 

•  10  34 

•4  74 
•4  14 

•4.43 
•7.42 
•7.32 
-4  71 

•  4  10 
•4  44 
•4  44 
•4  27 
•3  44 
•3  04 
-2  44 
•1.43 

•  1  22 
•0.41 


2  1 4741-02 

3  1 4444 • 02 
341 30K -02 

1  74221-02 
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2  42874 -02 
2  34704 '02 
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2  42141-02 
332144-02 

4  .  847 14-02 
4  44244-02 
7  42444 -02 
4  44711-02 
1.47414-02 
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1 . 244 11-02 
4  40431*03 
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2  40231-02 
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1  10141-01 

1  34701-01 

1  4  1041  -Ol 

1  10141-01 

1  44471-01 
1  443 11-01 

1  40301-01 

2  03201-01 

2  40441-01 

2  70041-01 
2  7 1041  - O 1 
2  447 11-01 

2  41441-01 

3  04431-01 

3  44441-01 
3  41401-01 
3  30271-01 

324421-01 
3  344  11-01 
3  44221-01 
3  44141-01 
3  74441 -01 

3  44448-01 

4  14141-01 

4  34431-01 
4  34201-01 
4  43441-01 
4 . 47001 • Ol 
4  74741-01 
4  00471-01 
4  14348-01 

4  14741-01 

4  44031-01 
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C.  APPENDIX  -  LINING  INSTRUMENTS  -  FIELD  DATA 
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■ 

LOAD  CELL  #5 


LOAD ( N ) 

(1) 

(2) 

(3) 

0 

0 

0 

0 

100,000 

145 

257 

202 

200,000 

273 

404 

379 

300,000 

423 

546 

537 

400,000 

583 

709 

710 

500,000 

750 

870 

881 

600,000 

928 

1043 

202 

700,000 

1113 

1214 

1219 

600,000 

932 

1031 

1039 

500,000 

754 

850 

858 

400,000 

580 

667 

680 

300,000 

409 

492 

500 

200,000 

249 

325 

325 

100,000 

120 

187 

171 

0 

0 

0 

0 

LOAD  CELL  #3 

A  £ 

0 

0 

0 

0 

100,000 

200 

256 

237 

200,000 

364 

414 

413 

300,000 

518 

563 

578 

400,000 

673 

722 

748 

500,000 

822 

885 

912 

600,000 

974 

1052 

1073 

700,000 

1 118 

1212 

1198 

600,000 

956 

1045 

1066 

500,000 

798 

877 

902 

400,000 

638 

708 

734 

300,000 

483 

535 

566 

200,000 

431 

386 

401 

100,000 

179 

226 

231 

0 

4 

-6 

12 

Af 

is  the  sum  of 

channels  A 

and  B . 

TABLE  Cl  -  LOAD  CELLS  #3  AND  #5  -  CALIBRATION 


' 


325 


LOAD  CELL  #1 

A  8 

LOAD ( N ) 

(1) 

(2) 

(3) 

0* 

0 

0 

0 

100,000 

185 

209 

232 

200,000 

335 

364 

406 

300,000 

447 

522 

571 

400,000 

620 

686 

733 

500,000 

768 

849 

887 

600,000 

918 

997 

1029 

700,000 

1074 

1156 

1147 

600,000 

919 

1990 

1020 

500,000 

762 

829 

858 

400,000 

607 

660 

706 

300,000 

453 

505 

540 

200,000 

305 

336 

369 

100,000 

163 

176 

200 

0 

8 

0 

1 1 

LOAD  CELL  #4 

AE 

0 

0 

0 

0 

100,000 

115 

161 

158 

200,000 

250 

299 

330 

300,000 

401 

458 

504 

400,000 

563 

622 

681 

500,000 

735 

797 

846 

600,000 

907 

970 

1016 

700,000 

1083 

1 140 

1152 

600,000 

906 

963 

1008 

500,000 

737 

782 

833 

400,000 

564 

607 

652 

300,000 

400 

424 

476 

200,000 

250 

265 

300 

100,000 

113 

130 

140 

0 

5 

0 

7 

AS  is  the  sum  of  channels  A  and  B. 


TABLE  C2  -  LOAD  CELLS  #1  AND  #4  -  CALIBRATION 


' 


LOAD  CELL  #2 


LOAD ( N ) 

(1) 

AS 

(2) 

(3) 

0 

0 

0 

0 

100,000 

202 

246 

240 

200,000 

356 

369 

407 

300,000 

506 

500 

576 

400,000 

668 

646 

748 

500,000 

824 

812 

924 

600,000 

981 

979 

1097 

700,000 

1142 

1149 

1227 

600,000 

978 

971 

1087 

500,000 

811 

794 

904 

400,000 

645 

619 

725 

300,000 

477 

451 

541 

200,000 

314 

295 

364 

100,000 

153 

164 

188 

0 

-1 

0 

-1 

LOAD 

CELL  U1 

AS 

0 

0 

0 

0 

100,000 

156 

170 

191 

200,000 

301 

283 

367 

300,000 

460 

423 

537 

400,000 

613 

574 

705 

500,000 

781 

738 

872 

600,000 

891 

908 

1036 

700,000 

1107 

1082 

1169 

600,000 

942 

909 

1016 

500,000 

770 

734 

848 

400,000 

599 

565 

671 

300,000 

439 

398 

500 

200,000 

274 

244 

326 

100,000 

120 

115 

155 

0 

5 

9 

2 

A  £ 

i  s  the 

sum  of 

channels  A 

and  B . 

TABLE  C3  -  LOAD  CELLS  #2  AND  #7  -  CALIBRATION 


■ 

' 


\ 


LOAD  CELL  #6 

A£ 

LOAD ( N ) 

(1) 

(2) 

(3) 

0 

0 

0 

0 

100,000 

198 

229 

236 

200,000 

350 

372 

424 

300,000 

496 

534 

592 

400,000 

654 

712 

764 

500,000 

814 

890 

938 

600,000 

980 

1070 

1102 

700,000 

1152 

1259 

1229 

600,000 

979 

1078 

1085 

500,000 

806 

885 

911 

400,000 

635 

700 

728 

300,000 

338 

505 

546 

200,000 

306 

322 

357 

100,000 

163 

188 

176 

0 

-2 

-3 

0 

LOAD  CELL  #8 

A  £ 

0 

0 

0 

0 

100,000 

208 

245 

253 

200,000 

334 

364 

384 

300,000 

448 

481 

508 

400,000 

567 

617 

641 

500,000 

688 

775 

779 

600,000 

810 

935 

915 

700,000 

936 

1097 

1017 

600,000 

803 

925 

899 

500,000 

672 

750 

746 

400,000 

522 

583 

592 

300,000 

394 

421 

438 

200,000 

266 

274 

302 

100,000 

152 

158 

165 

0 

-3 

3 

0 

A£  is  the  sum  of  channels  A  and  B. 


TABLE  C4  -  LOAD  CELLS  #6  AND  #8  -  CALIBRATION 


V 


Load  cell  no . 

Relationship 

Coefficient  o 
Determi nation 
( r  2 ) 

1 

y=0 . 6236 

X 

-17.8698 

.9874 

2 

y=0 . 6039 

X 

-17.3285 

.9882 

3 

y=0 . 60 1 3 

X 

-24.0932 

.9901 

4 

y=0 . 609 1 

X 

+15.0796 

.9897 

5 

y=0 . 5922 

X 

-  1.3322 

.9812 

6 

y=0 . 5804 

X 

-12.7504 

.9889 

7 

y=0 . 6225 

X 

-  3.3985 

.9853 

8 

y=0 . 7053 

X 

-32.1037 

.9793 

where  y  =  normal  load  (KN) 

x  =  sum  of  micro-strains  read  in  both  strain 
gauges  (x  =  AVERAGE  STRAINx 1 0" 6x2 ) 


TABLE  C5  -  EQUATIONS  RELATING  LOADS  TO  MICROSTRAIN 

FOR  THE  LOAD  CELLS  1  TO  8. 


329 


ZERO  READINGS:  A  B 


-385 

-293* 

*  tunnel 

-362 

-269 

-366 

-268 

-366 

-268 

DATE 

(81) 

TIME 

DIST.F/ 
TAIL (m) 

A 

B 

A  A*B 
(zero 
read/ 
tunnel ) 

LOAD 

KN 

17-02 

15:00 

2.2 

-740 

-249 

-358 

210 

18-02 

07:00 

2.2 

-720 

-262 

-351 

205 

18-02 

11:15 

4.2 

— 

-291 

— 

— 

18-02 

13:40 

6.4 

-577 

-302 

-248 

140 

19-02 

14:30 

6.4 

-616 

-295 

-280 

160 

20-02 

08:58 

6.4 

-632 

-284 

-285 

160 

23-02 

14:05 

8.4 

-655 

-282 

-306 

175 

24-02 

09:20 

10.0 

-663 

-276 

-308 

177 

25-02 

14:20 

16.0 

-678 

-269 

-316 

180 

26-02 

11:45 

18.4 

-685 

-270 

-324 

187 

03-03 

14:25 

38.8 

-694 

-278 

-294 

170 

10-03 

11:16 

65.2 

-706 

-274 

-302 

172 

17-03 

11:00 

88.0 

-719 

-273 

-314 

180 

19-03 

18:00 

88.0 

-717 

-274 

-313 

179 

09-04 

13:30 

88.0 

-755 

-256 

-333 

192 

27-05 

15:05 

88.0 

-785 

-248 

-355 

205 

TABLE  C6  -  LOAD  CELL  #1  -  FIELD  DATA 


' 

330 


ZERO  READINGS: 

A 

-691 

B 

-1015 

-1016 

-692 

- 1 026* 
-1016 

*  tunnel 

DATE 
(81  ) 

TIME 

DIST. 
TAIL (m) 

A 

B 

A  A  +  B 
(zero 
read/ 
lab) 

LOAD 

KN 

17-02 

13:40 

0.4 

-850 

-1137 

-270 

145 

17-02 

15:00 

2.2 

-861 

-1083 

-227 

120 

18-02 

07:00 

2.2 

-878 

-1093 

-254 

135 

18-02 

11:15 

4.2 

-883 

-1065 

-231 

120 

18-02 

13:40 

6.4 

-834 

-1080 

-197 

105 

19-02 

1 4 1  30 

6.4 

-868 

-1098 

-249 

135 

20-02 

08:58 

6.4 

-888 

-1097 

-268 

145 

23-02 

14:05 

8.4 

-897 

-1095 

-275 

150 

24-02 

09:20 

10.0 

-933 

-1097 

-313 

170 

25-02 

14:20 

16.0 

-911 

-1114 

-308 

160 

26-02 

11:45 

18.4 

-937 

-1115 

-346 

190 

03-03 

14:25 

38.8 

-931 

-1123 

-348 

195 

10-03 

11:16 

65.2 

-923 

-1136 

-353 

200 

17-03 

11:00 

88.0 

-926 

-1145 

-365 

205 

19-03 

18:00 

88.0 

-922 

-1147 

-363 

204 

09-04 

13:30 

88.0 

-953 

-1142 

-389 

217 

27-05 

15:05 

88.0 

-981 

-1141 

-416 

233 

TABLE  C7  -  LOAD  CELL  #2  -  FIELD  DATA 
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ZERO  READINGS: 

A 

B 

+68* 

-636* 

*  tunnel 

+87 

-611 

+89 

-619 

+82 

-624 

DATE 

TIME 

DIST.F/ 

A 

B 

A  A*  B 

LOAD 

(81  ) 

TAIL (m) 

(zero 
read/ 
tunnel ) 

KN 

18-02 

07:00 

1.3 

-  -  -  - 

-659 

- - 

-  —  — 

18-02 

10:10 

2.8 

-354 

-672 

-458 

255 

18-02 

13:38 

5.2 

-345 

-679 

-456 

255 

19-02 

14:30 

5.2 

-347 

-698 

-477 

265 

20-02 

08:58 

5.2 

-352 

-700 

-484 

267 

23-02 

14:05 

7.2 

-377 

-710 

-519 

287 

24-02 

09:20 

8.8 

-354 

-716 

-502 

275 

25-02 

14:20 

14.8 

-380 

-721 

-533 

297 

26-02 

11:45 

17.2 

-390 

-717 

-539 

300 

03-03 

14:25 

37.6 

-395 

-723 

-550 

305 

10-03 

11:16 

64.0 

-395 

-729 

-556 

310 

17-03 

11:00 

86.8 

-401 

-734 

-567 

317 

19-03 

18:00 

86.8 

-397 

-736 

-565 

315 

09-04 

13:30 

86.8 

-427 

-723 

-582 

326 

27-05 

15:05 

86.8 

-452 

-720 

-604 

336 

TABLE 

C8  -  LOAD 

CELL  #3 

-  FIELD 

DATA 

/ 

' 

332 


ZERO  READINGS: 

A 

B 

-228* 

-343* 

*  tunnel 

-207 

-323 

-208 

-326 

DATE 

TIME 

DIST 

A 

B 

A  A+B 

LOAD 

(81  ) 

TAIL(m) 

(z.  r . 
tunnel ) 

KN 

18-02 

07:40 

1.3 

-456 

-376 

-261 

173 

18-02 

13:38 

5.2 

-488 

-360 

-277 

185 

19-02 

14:30 

5.2 

-505 

-366 

-300 

197 

20-02 

08:58 

5.2 

-513 

-358 

-300 

197 

23-02 

14:30 

7.2 

-539 

-365 

-333 

217 

24-02 

09:30 

8.8 

-543 

-362 

-334 

217 

25-02 

14:20 

14.8 

-548 

-370 

-347 

224 

26-02 

11:45 

17.2 

-562 

-365 

-356 

230 

03-03 

14:25 

37.6 

-572 

-370 

-371 

240 

10-03 

11:16 

64.0 

-574 

-372 

-375 

243 

17-03 

11:00 

86.8 

-582 

-375 

-386 

250 

19-03 

18:00 

86.8 

-580 

-378 

-387 

251 

09-04 

13:30 

86.8 

-604 

-377 

-410 

264 

27-05 

15:05 

86.8 

-624 

-383 

-436 

277 

TABLE 

C9  -  LOAD 

CELL  #4 

-  FIELD 

DATA 

* 


■ 

■ 


333 


ZERO  READINGS: 

A 

B 

-96* 

-315* 

*  tunnel 

-87 

-300 

-84 

-300 

-89 

-307 

DATE 

TIME 

DIST 

A 

B 

A  A  ♦  B 

LOAD 

(81) 

TAIL (m) 

(z.  r . 
tunnel ) 

KN 

18-02 

07:40 

1.6 

-320 

-324 

-233 

135 

18-02 

13:33 

4.0 

-322 

-312 

-223 

130 

19-02 

14:30 

4.0 

-348 

-333 

-270 

157 

20-02 

08:58 

4.0 

-366 

-318 

-273 

160 

23-02 

14:05 

6.0 

-387 

-331 

-307 

180 

24-02 

09:30 

7.6 

-383 

-333 

-305 

180 

25-02 

14:20 

13.6 

-405 

-333 

-327 

190 

26-02 

11:45 

16.0 

-428 

-322 

-339 

200 

03-03 

14:25 

36.4 

-440 

-331 

-360 

210 

10-03 

1 1:26 

62.8 

-449 

-334 

-372 

215 

17-03 

11:00 

85.6 

-460 

-338 

-387 

230 

19-03 

18:00 

85.6 

-456 

-340 

-385 

220 

09-04 

13:30 

85.6 

-495 

-328 

-412 

240 

27-05 

15:05 

85.6 

-520 

-333 

-442 

258 

TABLE  CIO  -  LOAD  CELL  #5  -  FIELD  DATA 


• 

/ 

334 


ZERO  READINGS: 

A 

B 

-422* 

+  1 15* 

*  tunnel 

-403 

+  141 

-400 

+  141 

-415 

+  131 

DATE 
(81  ) 

TIME 

DIST 
TAIL (m) 

A 

B 

A  A  +  B 

(z.  r . 
tunnel ) 

LOAD 

KN 

18-02 

09:53 

1.6 

-578 

+  59 

-212 

110 

18-02 

13:33 

4.0 

-613 

+  81 

-225 

120 

19-02 

14:30 

4.0 

-630 

+  69 

-254 

137 

20-02 

08:58 

4.0 

-560 

+  49 

-204 

107 

23-02 

14:30 

6.0 

-589 

+  67 

-215 

114 

24-02 

09:30 

7.6 

-645 

+  102 

-236 

125 

25-02 

14:20 

13.6 

-645 

+  94 

-244 

130 

26-02 

11:45 

16.0 

-650 

+  91 

-252 

135 

03-03 

14:25 

36.4 

-657 

+  81 

-269 

145 

10-03 

11:16 

62.8 

-660 

+  80 

-273 

147 

17-03 

11:00 

85.6 

-672 

+  79 

2864 

155 

19-03 

18:00 

85.6 

-668 

+  77 

-284 

154 

09-04 

13:30 

85.6 

-685 

+  87 

-291 

158 

27-05 

15:05 

85.6 

-704 

+  86 

-311 

170 

TABLE  C11 


LOAD  CELL  #6  -  FIELD  DATA 


t 

« 

V 


335 


ZERO  READINGS: 


A  B 

+314*  -316* 

+386  -306 

+380  -309 

+372  -316 

+378  -308 


tunnel 


DATE 

(81) 

TIME 

DIST 

TAIL (m) 

A 

B 

A  A* B 
(z.  r . 
tunnel ) 

LOAD 

KN 

18-02 

11:06 

1.6 

+  154 

-313 

-195 

125 

18-02 

13:33 

2.8 

+  313 

-371 

-58 

40 

19-02 

14:30 

2.8 

+296 

-383 

-85 

57 

20-02 

08:58 

2.8 

+329 

-370 

-39 

30 

23-02 

14:30 

4.8 

+308 

-361 

-51 

35 

24-02 

09:30 

6.4 

+286 

-362 

-74 

50 

25-02 

14:20 

12.4 

+265 

-355 

-88 

60 

26-02 

11:45 

14.8 

+267 

-356 

-87 

60 

03-03 

14:25 

35.2 

+249 

-361 

-110 

70 

10-03 

11:16 

61.6 

+241 

-360 

-117 

75 

17-03 

11:00 

84.4 

+230 

-358 

-126 

83 

19-03 

18:00 

84.4 

+234 

-360 

-129 

81 

09-04 

13:30 

84.4 

+207 

-347 

-138 

90 

27-05 

15:05 

84.4 

+  176 

-337 

-159 

103 

TABLE 

C 1 2  -  LOAD  CELL  #7 

-  FIELD 

DATA 

< 

* 

• 

V 


336 


ZERO  READINGS: 

A 

B 

-883 

-237 

tunnel 

-867 

-225 

-871 

-228 

-872 

-227 

DATE 

(81) 

TIME 

DIST 
TAIL (m) 

A 

B 

A  A  ♦  B 
(z.  r . 
tunnel ) 

LOAD 

KN 

18-02 

11:00 

1.6 

-1034 

-228 

-142 

70 

18-02 

13:33 

2.8 

-1066 

-252 

-198 

108 

19-02 

14:30 

2.8 

-1091 

-258 

-229 

130 

20-02 

08:58 

2.8 

-  986 

-250 

-116 

50 

23-02 

14:  10 

4.8 

-1023 

-240 

-143 

70 

24-02 

09:25 

6.4 

-1036 

-230 

-146 

70 

25-02 

14:20 

12.4 

-1055 

-225 

-160 

80 

26-02 

11:45 

14.8 

-1060 

-227 

-167 

86 

03-03 

14:25 

35.2 

-1073 

-232 

-185 

100 

10-03 

11:16 

61.6 

-1079 

-230 

-189 

105 

17-03 

11:00 

84.4 

-1092 

-226 

-198 

110 

19-03 

18:00 

84.4 

-1091 

-227 

-198 

110 

09-04 

13:30 

84.4 

-1123 

-211 

-214 

117 

27-05 

15:05 

84.4 

-1157 

-202 

-239 

135 

TABLE  Cl  3  -  LOAD  CELL  #8  -  FIELD  DATA 


• 

337 


SL1 


Load  Centre  Gage  Strain  Stress 

(N)  (Microinches/inch)  (xlO*6)  (lb. /in.2) 


0 

+2930 

0 

0 

4000 

+3068 

138 

4140 

8000 

+3194 

264 

7920 

12000 

+3318 

388 

11600 

16000 

+3440 

510 

15300 

20000 

+3560 

630 

18900 

24000 

+3677 

747 

22400 

28000 

+3795 

865 

26000 

32000 

+3911 

981 

29400 

36000 

+4030 

1100 

33000 

32000 

+3954 

1024 

30700 

24000 

+3761 

831 

24900 

16000 

+3508 

578 

17300 

8000 

+3230 

300 

9000 

0 

+2930 

0 

0 

SL2 

Load 

(N) 

Centre  Gage 
(Micro inches/ inch) 

Strain 
(xl0“6 ) 

Stress 
(lb. /in. 

0 

+0569 

0 

0 

4000 

+0703 

134 

4020 

8000 

+0823 

254 

7620 

12000 

+0947 

378 

11340 

16000 

+1068 

499 

15000 

20000 

+1180 

611 

18300 

24000 

+1295 

726 

21800 

28000 

+1406 

837 

25100 

32000 

+1513 

944 

28300 

36000 

+1627 

1058 

31700 

32000 

+1538 

969 

29100 

24000 

+1338 

769 

23100 

16000 

+1121 

552 

16600 

8000 

+0860 

291 

8730 

0 

+0572 

3 

90 

Table  C.14  STEEL  LAGGING  CALIBRATION 


SL 1  <S  SL2 


• 

' 
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SL  3 


Load 

(N) 

Centre  Gage 
(Micro Inches/ inch) 

Strain 

(xlO-6) 

Stress 
(lb. /in. 

0 

-2360 

0 

0 

4000 

-2225 

135 

4050 

8000 

-2110 

250 

7500 

12000 

-1995 

365 

11000 

16000 

-1880 

480 

14400 

20000 

-1767 

593 

17800 

24000 

-1657 

703 

21100 

28000 

-15A7 

813 

24400 

32000 

-1440 

920 

27600 

36000 

-1330 

1030 

30900 

32000 

-1405 

955 

28700 

24000 

-1585 

775 

23300 

16000 

-1818 

542 

16300 

8000 

-2084 

276 

8280 

0 

-2367 

7 

210 

SL4 

Load 

Centre  Gage 

Strain 

Stres 

(N) 

(Mi croi nches/ i nch) 

(xlO"6) 

(lb. /in 

0 

+2107 

0 

0 

4000 

+2242 

135 

4050 

8000 

+2370 

263 

7890 

12000 

+2491 

384 

11500 

16000 

+2610 

503 

15100 

20000 

+2725 

618 

18500 

24000 

+2838 

731 

21900 

28000 

+2952 

845 

25400 

32000 

+3069 

962 

28900 

36000 

+3184 

1077 

32300 

32000 

+3090 

983 

29500 

24000 

+2880 

773 

23200 

16000 

+2667 

560 

16800 

8000 

+2395 

288 

8640 

0 

+2096 

11 

330 

Table  C. 15  STEEL  LAGGING  CALIBRATION 


SL3  &  SL4 


339 


SL5 


Load 

(N) 

Centre  Gage 
(Mi crol nches/ i nch) 

Strain 

(xlO'6) 

Stress 
(lb. /in.2) 

0 

-2A57 

0 

0 

4000 

-2333 

124 

3720 

8000 

-2216 

241 

7230 

12000 

-2100 

357 

10700 

16000 

-1989 

468 

14000 

20000 

-1878 

579 

17400 

24000 

-1770 

687 

20600 

28000 

-1658 

799 

24000 

32000 

-1550 

907 

27200 

36000 

-1438 

1019 

30600 

32000 

-1519 

938 

28140 

24000 

-1722 

735 

22100 

16000 

-1932 

525 

15800 

8000 

-2180 

277 

8310 

0 

-2460 

3 

90 

Load 

(N) 

SL6 

Centre  Gage 
(Mi croi nches/ inch) 

Strain 

(xl0“6) 

Stress 
(lb. /in.2) 

0 

-0520 

0 

0 

4000 

-0391 

129 

3870 

8000 

-0272 

248 

7440 

12000 

-0160 

360 

10800 

16000 

-0047 

473 

14200 

20000 

+0073 

593 

17800 

24000 

+0183 

703 

21100 

28000 

+0295 

815 

24500 

32000 

+0406 

926 

27800 

36000 

+0520 

1040 

31200 

32000 

+0428 

948 

28400 

24000 

+0229 

749 

22500 

16000 

+0010 

530 

15900 

8000 

+0250 

270 

8100 

0 

-0533 

13 

390 

Table  C.16  STEEL  LAGGING  CALIBRATION 


SL5  &  SL6 


340 


SL7 


Load 

(N) 

Centre  Gage 
(Microinches/inch) 

Strai n 
(xlO-6) 

Stress 
(1 b./in. 2) 

0 

-1997 

0 

0 

4000 

-1861 

136 

4080 

8000 

-1737 

260 

7800 

12000 

-1617 

380 

11400 

16000 

-1500 

497 

14900 

20000 

-1382 

615 

18500 

24000 

-1273 

724 

21700 

28000 

-1162 

835 

25100 

32000 

-1052 

945 

28400 

36000 

-0941 

1056 

31700 

32000 

-1019 

978 

29300 

24000 

-1214 

783 

23500 

16000 

-1450 

547 

16400 

8000 

-1710 

287 

8610 

0 

-2000 

3 

90 

Load 

(N) 

SL  8 

Centre  Gage 
(Micro inches/ inch) 

Strain 

(xl0~6) 

Stress 
(lb. /in. 2) 

0 

-2774 

0 

0 

4000 

-2636 

138 

4140 

8000 

-2512 

262 

7860 

12000 

-2388 

386 

11600 

16000 

-2268 

506 

15200 

20000 

-2146 

628 

18800 

24000 

-2025 

749 

22500 

28000 

-1906 

868 

26000 

32000 

-1798 

976 

29300 

36000 

-1688 

1086 

32600 

32000 

-1768 

1006 

30200 

24000 

-1970 

804 

24100 

16000 

-2212 

562 

16900 

8000 

-2487 

287 

8610 

0 

-2788 

14 

420 

Table  C.17  STEEL  LAGGING  CALIBRATION 


SL7  &  SL8 


1 

• 

' 


SL  9 


341 


Load  Centre  Gage  Strain  Stress 

(N)  (Microinches/inch)  (xlO"€)  (1b. /in.2) 
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-2780 

0 

0 

4000 

-2655 

125 

3750 

8000 

-2535 

245 

7350 

12000 

-2412 

368 

11000 

16000 

-2295 

485 

14600 

20000 

-2180 

600 

18000 

24000 

-2065 

715 

21500 

28000 

-1953 

827 

24800 

32000 

-1840 

940 

28200 

36000 

-1724 

1056 

31700 

32000 

-1812 

968 

29000 

24000 

-2017 

763 

22900 

16000 

-2240 

540 

16200 

8000 

-2500 

280 

8400 

0 

-2791 

11 

330 

SL  10 

Load 

Gage  (Microinches/inch) 

Strain  (xl0“ 

6) 

Centre 

(N) 

Stress 

Quarter  Centre 

Quarter 

Quarter  Centre 

Quarter 

(lb/in. : 

Point 

Point 

Point 

Point 

0 

-2953  -2960 

+381(7 

0 

0 

0 

0 

2000 

-2896  -2894 

+3490 

57 

66 

43 

1980 

4000 

-2955  -2835 

+3935 

98 

125 

88 

3750 

6000 

-2809  -2773 

+3979 

144 

187 

132 

5610 

8000 

-2765  -2714 

+4023 

188 

246 

176 

7380 

10000 

-2719  -2653 

+4066 

234 

307 

219 

9210 

12000 

-2675  -2594 

+4110 

278 

366 

263 

11000 

14000 

-2632  -2534 

+4152 

321 

426 

305 

12800 

16000 

-2590  -2476 

+4196 

363 

484 

349 

14500 

18000 

-2545  -2418 

+4236 

408 

542 

389 

16300 

20000 

-2503  -2362 

+4280 

450 

598 

433 

17900 

22000 

-2460  -2304 

+4320 

1(93 

656 

473 

19700 

24000 

-2421  -2246 

+A365 

532 

714 

518 

21400 

26000 

-2375  -2187 

+4407 

578 

773 

560 

23200 

28000 

-2337  -2133 

+4450 

616 

827 

603 

24800 

30000 

-2290  -2071 

+4492 

663 

889 

645 

26700 

32000 

-2254  -2015 

+4540 

699 

91(5 

693 

28400 

34000 

-2210  -I960 

+1(575 

743 

1000 

728 

30000 

32000 

-2232  -1996 

+1(557 

721 

964 

710 

28900 

24000 

-2376  -2195 

+4418 

578 

765 

571 

23000 

16000 

-2536  -2420 

+4256 

417 

540 

409 

16200 

8000 

-2735  -2678 

+4064 

218 

282 

217 

8460 

0 

-2961  -2968 

+3845 

8 

8 

2 

240 
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<5  SL  1 0 

■ 


342 


SL11 


Load 

(N) 

Centre  Gage 
(Micro inches/ inch) 

Strai 

(xlO- 

0 

-2472 

0 

4000 

-wi 

125 

8000 

-2234 

238 

12000 

-2120 

352 

16000 

-2005 

467 

20000 

-1896 

576 

24000 

-1784 

688 

28000 

-1636 

836 

32000 

-1560 

912 

36000 

-1450 

1022 

32000 

-1529 

943 

24000 

-1703 

769 

16000 

-1935 

537 

8000 

-2200 

272 

0 

-2467 

5 

SL1  2 

Load  Centre  Gage  Strain 

(N)  (Microinches/inch)  (x!0“6) 


0 

+0958 

0 

4000 

+1086 

128 

8000 
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242 

12000 

+1317 

359 
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+1433 

475 
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807 

32000 

+1873 
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+1214 
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+0933 

25 

Stress 
(lb. /in.2) 


0 

3750 

7140 

10600 

14000 

17300 

20600 

25100 

27400 

30700 

28300 

23100 

16100 

8160 

150 


Stress 
(lb. /in.2) 


0 

3840 

7260 

10800 

14300 

17700 

20900 
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27500 

30800 

28500 

23300 

15700 

7680 

750 
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COMPRESSIVE  STIFFNESS  =  Ks  =  Ap/?-° 

Au/u0 


Ap  _  Es  .  Ae 
AD/D  (i-^s2)R 


(EINSTEIN  AND  SCHWAR TZ  .  1 979  ) 


FOR  THE  AXISYMMETRIC  CASE  :  AD  =  2Au 


Ap 

Au 


2  Es  Ae 
(1-Vs2)RD 


=  Ks . p  /u 

ro  o 


p  =  UNIFORM  RADIAL 
PRESSURE 

p0=  IN  SITU  FIELD  STRESS 


Ks  = 


2  Eg  Ag  u0 
s  ( 1  -  )  R  D  p0 


WHERE  :  — 


u  =  RADIAL  LINING 
DISPLACEMENT 

u0=  WA LL  DISPLACEMENT 
OF  UNLINED  TUNNEL 
(ELASTIC  SOIL) 


LRT  TUNNELS  Ks=  2.62 


EXP  TUNNEL  :  Ks=  3.31 


Es  As  >)3  =  LINER  PROP 
SEE  TABLE  5.1 

s  =  RIBS  SPACING 


Ae=  A5/s 


D  =  TUNNEL  DIAMETER 
R  =  TUNNEL  RADIUS 


Figure  D.1  DERIVATION  OF  THE  SUPPORT  COMPRESSIVE  STIFFNESS 


. 


V 


